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Abstract 
Bacterial spot, caused by the bacterium Xanthomonas arboricola pv. pruni (Xap), is a threat to 
the peach [Prunus persica (L.) Batsch], Japanese and European plum (P. salicina L. and P. 
domestica L.), and tart and sweet cherry (P. cerasus L. and P. avium L.) industries. Markers for 
fruit resistance to bacterial spot have been developed however, markers associated with foliar 
resistance have yet to be developed. A total of 130 progeny and 13 parents (n=143) were 
evaluated for foliar and fruit Xap resistance in 2013, 2014, and 2015, and 162 progeny and eight 
parents (n=170) in 2017 and 2018 as part of a genome-wide association study (GWAS). 
Individuals were genotyped with the peach 9K or 9+9K genotyping array. Foliar resistance was 
quantitatively inherited and controlled by several small-effect QTLs located on chromosomes 1, 
2, 3, 5, 6, and 7. Fruit resistance was also quantitatively inherited and controlled by multiple 
small-effect QTLs located on chromosomes 1, 2, and 3. Xap has been documented to have low 
genetic diversity compared to other X. arboricola pathovars. Even with potentially low genetic 
diversity, it is thought that there are substantial genetic differences in Xap populations and their 
degree of virulence. Previous studies were limited due to a low number of isolates from a small 
number of locations. In this study 673 Xap isolates were collected from 12 states across the 
United States, to investigate the diversity and virulence of strains from different locations. 
Eighteen simple sequence repeats (SSR) with di-, tri- or tetra-nucleotide repeats were identified 
within the Xap CFBP5530 plasmid pXap41 and used to screen Xap isolates. A detached leaf 
assay was performed on Xap positive isolates to confirm pathogenicity and record virulence. 
Pathogenicity among all isolates was confirmed, but virulence levels were low. Xap strains were 
grouped based on marker scores of SSR loci using GenAlEx 6.5 and two dendrograms were 
generated using the R package “Poppr”. The unweighted pair group with arithmetic mean 
(UPGMA) dendrogram analysis showed two major clusters. The neighbor joining (NJ) 
 
dendrogram analysis showed three major clusters. Genetic diversity was observed in the United 
States Xap collection. 
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Chapter One: Literature review 
Peach [Prunus persica (L.) Batsch] 
Taxonomy and botanical information. Peach [Prunus persica (L.) Batsch] is a self-fertile diploid 
species (2n = 2x = 16) which belongs to the Rosaceae family, subfamily Prunoideae, genus 
Prunus, subgenus Amygdalus (Bassi and Monet, 2008; Byrne et al., 2012). The Rosaceae family 
includes several economically significant temperate fruits including apple (Malus domestica 
Borkh.), sweet and sour cherry (Prunus avium L. and P. cerasus L.), European and Japanese 
plum (P. domestica L. and P. salicina Lindl.), apricot (P. armeniaca L.), almond (P. dulcis 
Mill.), strawberry (Fragaria × ananassa Duch.), European pear (Pyrus communis L.), 
blackberry (Rubus subgenus Rubus Watson) and red raspberry (Rubus idaeus L.), and 
ornamental plants such as rose (Rosa spp. L.). The subfamily Prunoideae includes the largest 
genus of the Rosaceae family, Prunus. Members of the Prunus genus are known as stone fruits 
(drupes), because they contain a fleshy/leathery mesocarp, enclosing a hard or stony endocarp 
and a seed. There are more than 400 Prunus species and the most economically important are 
fruit and nut species including: almond, peach and nectarine, sweet and sour cherry, European 
and Japanese plum, and apricot (Byrne et al., 2012). The peach and other Prunus species, such as 
almond, P. kansuensis Rehd., P. ferganensis (Kost. and Rjab) Kov. and Kost., P. scoparia 
(Spach) C.K. Schneid, P. mira Koehne, and P. davidiana (Carr.), are all very closely related and 
believed to have evolved from a common ancestor since several interspecific hybrids among 
them now exist, mainly for rootstock use (Byrne et al., 2012; Meader and Blake, 1940). 
In a study performed by Zheng et al. (2014), peach pits were discovered in an 
archeological site around the lower Yangzi River valley in the Zhejiang Province of China. 
These are th+e oldest peach stones found anywhere in the world, and the researchers were able to 
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determine that peach selection and domestication began approximately 8,000 years before 
present (Zheng et al., 2014). 
 Peaches can be one of a few different shapes including globose, elongated, or flat 
(‘pan-tao’ peach). Elongated is dominant over globose, and flat is dominant over globose 
(Bassi and Monet, 2008; Blake, 1932). The flat peach was first introduced from China. 
The fruit is flattened at opposite poles and the shape affects not only the fruit, but the pit 
as well, which is more flat in shape and smaller in size (Bassi and Monet, 2008). 
Commercially, flat peaches are more difficult to produce due to cracking, and more 
difficult to harvest because they are prone to losing receptacle tissue when picked. This 
loss of tissue creates an open wound on the fruit, reducing fruit quality (John Clark, 
personal communication).  
Peaches have two major phenotypes associated with the epidermal surface: The 
standard, fuzzy peach (dominant), and the nectarine, which possesses a glabrous (hairless, 
recessive) skin (Bassi and Monet, 2008; Blake, 1932; Blake and Connors, 1936). The 
ground color of the skin and flesh color vary from different shades of white, yellow, 
orange and red (Bassi and Monet, 2008). Peaches can be clingstone (flesh adhered to the 
pit) or freestone (flesh free from the pit). The two main types of flesh textures are melting 
and non-melting flesh, along with several others that still need characterization. The non-
melting peach, best for canning, exhibits a firm texture when ripe and only becomes soft 
when overripe (Bassi and Monet, 2008). The melting type, best for fresh market 
consumption, shows prominent softening during the last stage of ripening. The 
endopolygalactonurase-6 (endoPG-6) genes that control flesh texture and pit adhesion, 
PpendoPGF and PpendoPGM respectively, are tightly linked (Gu et al., 2016). Both 
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genes are located on linkage group (LG) 4, and are controlled by the Freestone (F) and 
Melting flesh (M) locus. There are three major flesh-type phenotypes for peach and 
nectarine: Freestone melting flesh (FMF), clingstone melting flesh (CMF), and clingstone 
non-melting flesh (CNMF) (Peace et al., 2005, 2007). The order of dominance for these 
three flesh type phenotypes is FMF>CMF>CNMF (Monet, 1989; Peace et al., 2005). 
Economic Importance. Peach is the third most commercially important temperate tree fruit 
after apple and pear, and has a total world production estimated at 22.8 Mt (Byrne et al., 
2012; FAO, 2017). China has been the leader in global peach production since 1993 
(FAO, 2017; Huang et al., 2008). China produces 54.0% of the world’s peaches, while the 
other top producers, Italy, Spain, United States, and Greece only produced 6.0%, 7.0%, 
4.0%, and 4.0% respectively (FAO, 2017). 
 In the United States, the peach industry is predominately concentrated in just a few 
states including California, South Carolina, Georgia and New Jersey. Since 2014, 
California has accounted for 72.0% of the peach and nectarine production in the United 
States, while South Carolina, New Jersey, and Georgia with 8.0%, 2.5%, and 5.0% 
respectively (Perez et al., 2017). 
Status of the current peach industry in the United States Throughout the past decade, the 
United States peach industry has seen a slight decline, due to inconsistent consumer 
quality, particularly when fruit is marketed outside of the peak production season 
(Crisosto et al., 1995; Crisosto, 2002; Crisosto and Costa, 2008; Fideghelli et al., 1998; 
Sansavini et al., 2006). When outside of the peak production season, peaches need to be 
harvested at the tree ripe stage for storage and shipment purposes (Crisosto et al., 1995; 
Crisosto, 2002; Crisosto and Costa, 2008; Fideghelli et al., 1998; Sansavini et al., 2006). 
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Multiple fruit quality traits including sweetness, soluble solids content, color, flavor, 
blush, and size all develop as a peach ripens on the tree. Harvesting a peach at an 
immature stage restricts the full development of these essential fruit quality traits, and 
increases the chances for postharvest problems such as mealiness, which results in low 
fruit quality. Low peach consumption in the United States can be combatted by finding a 
more precise balance with respect to fruit quality and the maturity stage at harvest (Bassi 
and Monet, 2008; Bielenberg et al., 2009). 
Breeding objectives. During the last century, the main objective of all public and private 
peach breeding programs has been developing cultivars that satisfy the needs of 
consumers and commercial processors. The public breeding sector includes the University 
of Arkansas, Clemson University, Texas A&M, University of California – Davis, Rutgers 
University, Michigan State University, University of Florida, and the USDA-ARS in 
Georgia. Prominent private sector breeding programs include Zaiger Genetics (California), 
Paul Friday’s Flamin’ Fury Peaches (Michigan), and Fruit Acre Farms (Michigan). 
Breeding programs aim to produce highly productive cultivars with wide environmental 
adaptation, season extension, and improved fruit quality traits. These quality traits include 
size, shape, flavor, texture, increased disease and pest resistance, and increased firmness to 
alleviate post-harvest transport issues (Bassi and Monet, 2008; Bielenberg et al., 2009; 
Byrne et al., 2012; Sansavini et al., 2006). 
The University of Arkansas System Division of Agriculture breeding program. The peach 
and nectarine breeding program at The University of Arkansas System Division of 
Agriculture (UA) has focused on the major market-limiting traits, but has a specific 
regional focus on resistance to bacterial spot, caused by Xanthomonas arboricola pv. 
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pruni (Xap). Since the UA peach breeding program was initiated by Dr. Jim Moore and 
Dr. Roy Rom in 1964, resistance to bacterial spot has been a major breeding objective. 
The primary testing site for the breeding program is located at the University of Arkansas 
Fruit Research Station (FRS) near Clarksville, AR. This location provides an ideal 
environment for bacterial spot, as the springs and summers are humid with ample rainfall 
often accompanied by high winds. The UA breeding program does not apply antibiotic 
sprays to control the presence of bacterial spot inoculum. These conditions allow the 
breeding program to select peaches with resistance to bacterial spot (Margaret 
Worthington, personal communication). 
 The UA fruit breeding program contains a wide range of peach textures including 
FMF, CMF, and CNMF. Some of the melting flesh genotypes in the UA breeding program 
have slow-softening flesh. Slow-softening genotypes remain firm for a longer duration 
than standard melting-flesh genotypes before developing ethylene and melting (Ghiani et 
al., 2011). Because slow-softening fruit remains firm for a longer duration, it is able to 
remain on the tree longer, allowing for full flavor development. Non-melting fruit 
texturehas also performed exceptionally well in postharvest evaluations, showing 
outstanding shipping and storage potential (Clark, 2011; Clark and Sandefur, 2013). 
Molecular tools in peach. In 2009, the RosBREED project was initiated with the aim of 
facilitating marker-assisted breeding in crops belonging to the Rosaceae family. This 
project was funded by the USDA-ARS Specialty Crop Research Initiative (SCRI). The 
first phase of the project focused on five crops: strawberry, peach, tart cherry, sweet 
cherry, and apple (Iezzoni et al., 2010). In 2014, RosBREED began a second phase: 
“RosBREED: Combining Disease Resistance with Horticultural Quality in New 
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Rosaceous Cultivars”. This second phase had a stronger focus on disease resistance in the 
Rosaceae family, including bacterial spot. Three new crops (blackberries, pears, and roses) 
were also added during the second phase of the project, (Iezzoni et al., 2010). The UA 
fruit breeding program has been actively involved in the RosBREED project since its 
inception. Several UA peach breeding populations have been genotyped with the IPSC 9k 
SNP array (Verde et al., 2012), phenotyped, and used to map quantitative trait loci (QTL) 
and design markers associated with high fruit quality and disease resistance.   
 One of the major focuses of the UA program in RosBREED has been bacterial 
spot resistance. Quantitative trait loci controlling bacterial spot resistance in fruit were 
identified in a biparental mapping study prior to the inception of RosBREED. Four major 
QTL were identified: Xap.Pp.OC-5.1 was associated with both resistance in leaf and fruit, 
Xap.Pp.OC-4.1 was only associated with leaf resistance, and Xap.Pp.OC-1.2 and 
Xap.Pp.OC-6.1 were only associated with resistance in fruit (Yang et al., 2013). The UA 
peach breeding program currently utilizes markers developed within the Xap.Pp.OC-1.2 
(Xap1) and Xap.Pp.OC-6.1 (Xap6) QTL, which are associated with fruit resistance (Gasic 
et al., 2015). 
Bacterial Spot - Xanthamonas arboricola pv. pruni (Xap) 
Taxonomy. The causal organism of bacterial spot of peach is Xanthomonas arboricola pv. 
pruni (Xap), a gram-negative, mobile (one flagellum), rod bacterium. This bacteria was 
originally named Xanthomonas pruni (Smith, 1903), re-classified as Xanthomonas 
campestris pv. pruni (Dye, 1978), and finally re-classified as X.arboricola pv. pruni 
(Vauterin et al., 1995). Xanthomonas arboricola is a pathogenic bacterium, which 
contains seven different pathovars that affect different species: X. arboricola pv. pruni 
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[stone fruit (Prunus spp. L)], X. arboricola pv. corylina [hazelnut (Corylus americana 
Marshall)], X. arboricola pv. juglandis [walnut (Juglans regia L.)], X. arboricola pv. 
populi [poplar (Populus tremula L.)], X. arboricola pv. poinsettiicola [poinsettia 
(Euphorbia pulcherrima Willd. Ex Klotzsch)], X. arboricola pv. celebensis [banana 
(Musa x paradisiaca L.)], and X. arboricola pv. fragariae [strawberry (Fragaria x 
ananassa Duch.)] (Hajri et al., 2012; Janse et al., 2001; Palleroni et al., 1993; Vauterin et 
al., 1995). 
Hosts and damage. Bacterial spot, also known as bacterial leaf spot, black spot, and 
shotgun-hole, impacts Prunus spp. in humid regions around the world, causing premature 
defoliation, low vigor, yield loss due to unmarketable fruit, and loss of productivity 
(Aarrouf et al., 2008; EPPO/CABI, 1997; OEPP/EPPO, 2006; Ritchie, 1995). Bacterial 
spot can infect peaches, nectarines, almonds, cherries, plums, and apricots. The most 
susceptible crops include Japanese plum, plum hybrids, and peaches and nectarines. 
Typical symptoms of bacterial spot include small necrotic lesions (tan-brown-black-
purple) on the leaves and fruit, along with cankers on branches that provide an 
overwintering site for inoculum (EPPO/CABI, 1997; OEPP/EPPO, 2006; Ritchie, 1995).  
 Bacterial spot was first identified on Japanese plums (Smith, 1903). The disease 
was later identified on peach and other stone fruits (Dunegan, 1932). This disease is 
present in almost all locations in which stone fruit is grown, but does not cause significant 
losses in Mediterranean climates. Due to the severity of this disease, the EU currently has 
Xap under phytosanitary legislation in attempt to limit the further progression of this 
disease (EPPO, 2003; OEPP/EPPO, 2006). 
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Optimal incidence conditions. The initial infection of bacterial spot requires a certain 
complex of environmental conditions during the season. Ideal conditions for disease 
development include warm days and nights (20-35 °C) with high humidity and ample 
rainfall. Bacterial spot is prevalent in the eastern United States, and other regions that 
share similar environmental conditions (EPPO/CABI, 1997; Ritchie, 1995). In order for 
significant infection to occur and spread, there must be at least 12 h of water saturation 
and high humidity. The leaves and shoots can be infected during any period of the season 
in which optimal conditions occur, but infection of fruit is limited to between petal fall to 
pit-hardening (EPPO/CABI, 1997; Ritchie, 1995). Orchards planted in sandy soils have a 
much higher incidence of bacterial spot because wind-blown sand can create wounds 
which bacteria can enter and infect the tissue (EPPO/CABI, 1997; Randhawa and 
Civerolo, 1985; Ritchie, 1995; Zehr and Shepard, 1996). This disease is not typically seen 
in arid climates like California, due to the lack of humidity and rainfall during late spring 
and summer (EPPO/CABI, 1997; Ritchie, 1995).  
Disease life cycle. When the growing season ends, the bacterial inoculum overwinters 
within the intercellular spaces of the cortex, xylem and phloem within cankers, and the 
leaf scars on twigs (EPPO/CABI, 1997; Ritchie, 1995). In the subsequent spring, 
temperatures begin to rise, and the inoculum becomes present once again. This inoculum 
is spread among trees by dripping dew and wind-blown rain. Bacteria enters new growth 
through open stomata or wounds and enters the vascular system. Developing or developed 
lesions exude bacterial spot inoculum when present, creating another source of inoculum. 
Fruit is only infected between petal fall and near pit-hardening (Aarrouf et al., 2008; 
EPPO/CABI, 1997; OEPP/EPPO, 2006).  
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Disease Symptoms on Leaves. Typically, the most severe damage to the peach leaf occurs 
at the tip and along the margin and midrib of the leaf because copious amounts of the 
bacterium consistently accumulate in these areas (EPPO/CABI, 1997; OEPP/EPPO, 2006; 
Ritchie 1995). Immature leaves are very susceptible to bacterial spot, especially before full 
expansion. Initial symptoms are observed as water-soaked lesions on the lower surface of 
the leaf, approximately 1-2 mm in size (Fig. 1A). As the disease progresses, the water-
soaked lesions become angular shaped and yellow-green in color with a brown-yellow 
center. As these lesions grow, the upper surface of the leaf begins to show signs of 
infection, as angular purple-black lesions develop. Heavily diseased areas may drop out, 
displaying the ‘shotgun-hole’ appearance (Fig. 1B). When leaves become heavily 
diseased, they become chlorotic and drop off (Fig. 1C and D) Leaf symptoms of bacterial 
spot typically develop within 5-14 d after infection (OEPP/EPPO, 2006; Ritchie, 1995). 
Disease symptoms on twigs. During the growing season, cankers occur on the branches of 
peach trees. Cankers can be differentiated into two groups: spring cankers (Fig. 2A) or 
summer cankers (Fig. 2B). Both groups of cankers occur most often on the upper portion 
of water sprouts and overwintering twigs. Spring cankers, caused by overwintering 
inoculum, typically develop around bloom time. The initial symptoms are small blisters 
that are dark in appearance and 1-10 cm in size. These blisters run along the axis of the 
twig and may cause girdling. Girdling the twig will cause the tip to die back, resulting in 
‘black-tip’. Summer cankers, which form later in the season on new growth, exhibit 
similar symptoms, except that the lesions become sunken and circular-elliptical in shape 
(OEPP/EPPO, 2006; Ritchie, 1995). 
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Disease symptoms on fruit. Bacterial spot symptoms on fruit somewhat resemble those 
seen on leaves. Fruit can be infected when the environmental complex is present, but only 
during petal fall to shuck split (OEPP/EPPO, 2006). Early on, lesions are small, brown 
and circular in shape (Fig. 3A), but the lesions become sunken and dark in color over time 
(Fig. 3B). As the fruit develops, the lesions enlarge and can extend further into the flesh 
(Fig. 3C). Symptoms can appear on fruit 3-5 weeks after petal fall and develop further 
until the skin color changes. The severity of bacterial spot depends on the time at which 
the fruit was infected. Typically, infections occurring near or after pit-hardening result in 
less extreme symptoms because the lesions only infect the surface and do not reach the 
flesh (Fig. 3D) (OEPP/EPPO, 2006). Lesions are able to coalesce, causing the skin to 
rupture and creating an entry point for other pathogens to enter. These bacterial lesions 
have the ability to exude a gummy substance, known as ‘xanthan gum’, which typically 
occurs after a rainfall (OEPP/EPPO, 2006). 
Resistance and control of bacterial spot. Commercial peach cultivars differ substantially 
in leaf and fruit resistance to Xap. The pressure of Xap varies depending on the orchard 
site, season, and region of production. The eastern United States has much higher disease 
pressure than the western United States due to the warm environment with prolonged 
humidity (EPPO/CABI, 1997; Ritchie, 1995). It is estimated that approximately 25.0% of 
the production acreage in South Carolina and Georgia requires some type of Xap control 
during the season (NSSA, 2004).  
 The traditional method to control Xap is by the application of bactericides, which 
are typically composed of a copper-based product, accompanied by the antibiotic 
oxytetracycline (Ritchie, 1995; Yang, 2013). However, today’s consumers are often 
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concerned about potential health effects of pesticide use and antibiotic resistance. This 
shift in mindset has contributed to the reduced popularity of bactericides and is one of the 
driving forces behind the development of disease resistant cultivars. A number of cultivars 
display medium to high levels of resistance to Xap including ‘Clayton’, ‘Candor’, 
‘Encore’, ‘Contender’, ‘Redrose’, and ‘Juneprince’ (Okie, 2008;). ‘O’Henry’, one of the 
most popular  wholesale-market peaches, is highly susceptible to Xap (Yang et al., 2013).   
 Traditional breeding, known as traditional seedling selection (TSS), is a costly, 
lengthy, laborious process. The process from an initial cross until a peach cultivar is ready 
for release can take more than 10 years (Bliss, 2010; Dirlewanger et al., 2004; Ru et al., 
2015). Peaches grown in temperate environments require at least three years of maturation 
before they are able to bear fruit and be phenotyped for fruit yield, disease resistance, and 
quality attributes (Bliss, 2010; Dirlewanger et al., 1998, 2004, 2007). Once trees bear fruit, 
there is an additional 10 to 15 year process of detailed phenotyping and regional testing 
before a new cultivar can be released. This process also involves a large amount of 
continuous costly maintenance: planting, irrigating, pruning, thinning and the application 
of pesticide sprays (Bliss, 2010; Dirlewanger et al., 2004; Ru et al., 2015). Due to these 
costs, breeding programs have a strong incentive to include a molecular aspect to 
complement TSS.  
In a recent study completed by Yang et al. (2013), 14 quantitative trait loci (QTL) 
were identified that contributed to foliar and fruit Xap resistance in a segregating 
biparental F2 population (‘O’Henry’ x ‘Clayton’). Of the 14 detected QTL, five major 
QTL were chosen based on the stability and size of the additive effect. Xap.Pp.OC-4.1, 
located on chromosome four, accounted for 16.7% to 54.5% of the phenotypic variation of 
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leaf symptoms. Xap.Pp.OC-4.2, also located on chromosome four, accounted for 16.7% to 
44.9% of the phenotypic variation of leaf symptoms. Xap.Pp.OC-5.1 on LG5 accounted 
for 45.7% to 51.3% of the phenotypic variation in leaf and fruit symptoms. Xap1 located 
on chromosome one, accounted for 33.0% to 60.7% of the phenotypic variation of fruit 
symptoms. Xap6, located on chromosome six, accounted for 33.0% to 43.6% of the 
phenotypic variation of fruit symptoms. SNP haplotype tests were developed to predict 
fruit resistance for Xap1 and Xap6 QTL (Gasic et al., 2015). Almost 1,000 unique peach 
trees across United States peach breeding programs were genotyped and phenotyped for 
the severity of fruit Xap symptoms to validate the marker tests. These markers only 
contribute to fruit resistance and markers for leaf resistance have yet to be developed.  
In search for further Xap resistance, a study was performed on a biparental apricot 
population resulting from a cross between ‘Harostar’ (resistant) x ‘Rouge de Mauves’ 
(unknown) (Socquet-Juglard et al., 2013). Socquet-Juglard et al. (2013) identified four 
genomic regions in the biparental population, corresponding to bacterial spot resistance in 
apricot, but only noted a single QTL on LG 5 being of significant interest. This significant 
QTL accounted for 46.0% of phenotypic variation in leaf resistance. The previously noted 
QTL for Xap resistance (Socquet-Juglard et al., 2013; Yang et al., 2013) seem quite 
promising. However, because both of these studies used biparental populations, all 
possible QTL for resistance may have not been detected. Biparental populations have 
limited genetic diversity, whereas genome wide association studies (GWAS) provide the 
potential to simplify complex trait variation into individual nucleotide sequences, or single 
genes (Nordborg and Tavare, 2002; Zhu et al., 2008). 
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Reproduction and Diversity of Xap populations. Xap isolates have a low amount of 
genetic diversity compared to other X. arboricola pathovars, and the genetic diversity of 
strains does not appear to be spatially or geographically partitioned (Hajri et al., 2012). 
Boudon et al. (2005) analyzed the population structure of 64 Xap strains collected from 
cultivated stone fruit in Australia, Brazil, France, Italy, North America, and Uruguay. This 
study used the intergenic transcribed spacer (ITS) sequence of the rrn operon and the 
sequences of four housekeeping genes (atpD, dnaK, efp, and glnA) for molecular 
characterization. There was no evidence of genetic diversity found among the Xap isolates 
with the ITS sequence or the four housekeeping genes. Fluorescent amplified fragment 
length polymorphism (FAFLP) analysis was performed on 64 strains of Xap utilizing two 
selective primers: MspI+TA and MspI+TG. The comparison of 64 different strains of Xap 
resulted in 14 genotypes being identified. Differences in genotypes by location were 
identified, but in two instances isolates from different locations were found to belong to 
the same grouping. One grouping consisted of France, Italy, Brazil and the United States, 
and the other group consisted of Italy and France. The host plant species from which the 
Xap strain originated from did not influence the genotype. Diversity was highest among 
the isolates from North America, indicating that this region may be the center of origin for 
the bacterium. 
Barionovi and Scortichini (2008) looked at the diversity amongst 34 X. arboricola 
pv. juglandis strains and 47 Xap strains utilizing two different methods, polymerase chain 
reaction (PCR), and repetitive sequence (BOX)-PCR. The PCR method utilized primers 
MGR17 and AJ60 and the BOX-PCR method used the BOXA1R primer, all of which 
amplify the proximal integron gene cassette region of X. arboricola. Isolates were 
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obtained from black walnut (Juglans nigra auth? Or done before?), apricot, almond, 
peach, and Japanese plum. The PCR method did not show any significant relationships 
among the species of plant or the geographical region from which the strain was isolated. 
The BOX-PCR fingerprinting method did not show polymorphisms among locations 
between Xap strains. However, X. arboricola pv. juglandis strains from Australia were 
distinguished from other strains around the world using BOX-PCR fingerprinting. 
Hajri et al. (2012) analyzed the population structure of seven X. arboricola 
pathovars: Xap, X. arboricola pv. corylina, X. arboricola pv. juglandis, X. arboricola pv. 
populi, X. arboricola pv. poinsettiicola, X. arboricola pv. celebensis, and X. arboricola 
pv. fragariae. The type III effector (T3E) genes and the rpoD housekeeping gene were 
sequenced for a total of 78 isolates across pathovars, 20 of which were Xap, which were 
collected over 60 years from 10 different countries Europe, North America, South 
America, and Oceania. Isolates were collected from seven different host species: peach, 
European plum, apricot, almond, Japanese bush cherry (Prunus japonica L.), Japanese 
plum, and sloe (Prunus sp.) No sequence differences for the T3E genes or the rpoD gene 
were identified among Xap isolates. It was found that isolates belonging to pathovars 
fragariae, celebensis and poinsettiicola did not cluster and were quite different from the 
other isolates. However, isolates from X. arboricola pathovars pruni, corylina, and 
juglandis clustered based upon the pathovar affiliation, indicating low genetic diversity. 
Isolates from X. juglandis fell into three separate clusters. Genetic diversity of Xap isolates 
was not found to be spatially or geographically partitioned. 
Kawaguchi (2014) investigated the genetic structure of a Xap collection containing 
148 isolates, all of which were collected from leaves and fruit of different peach cultivars 
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located around Japan. The genetic structure was analyzed by using repetitive sequence 
based (rep)-PCR, and inter-simple sequence repeat (ISSR)-PCR. A unique genomic 
fingerprint was created by combining the results from rep-PCR and ISSR-PCR. Four 
different groups were identified among the isolates, from which 98.0% belonged to a 
single clade. These four groupings shared a very high genetic similarity (>94.0%), 
indicating a low level of genetic diversity between isolates. 
Giovanardi et al. (2017) sequenced the gyrB housekeeping gene in a collection of 
23 Xap isolates collected from peach and plum orchards in northern Italy and reference 
strains from the United Kingdom National Collection of Plant Pathogenic Bacteria 
(NCPPB). The Xap isolates were clearly differentiated from X. fragariae and other 
pathovars of X. arboricola including celebensis, corylina, and juglandis. However, all Xap 
isolates were closely related (sequence similarity index > 73.0%). Five subpopulations of 
Xap were identified based on unweighted pair group method with arithmetic mean 
(UPGMA) analysis, but there was no evidence that the year of isolation or species of host 
plant were associated with phylogenetic relationships within the Xap collection. Copper 
resistance was evaluated amongst all of the isolates included in the analysis, but was not 
found. However, varying degrees of tolerance were observed suggesting another 
mechanism for copper detoxification. 
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Appendix 
 
  
Fig. 1. Bacterial spot leaf symptoms: [A] initial water-soaked lesions; [B] coalesced shot 
holes; [C] yellowing; [D] premature leaf drop (Frett, T.J. 2016). 
 
 
 
Fig. 2. Bacterial spot symptoms on twigs: [A] spring canker on old growth; [B] summer 
canker on new growth (Images courtesy of D.F. Ritchie). 
 
  
[A] [B] 
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Fig. 3. Bacterial spot fruit symptoms: [A] small brown spot water soaked lesions; 
[B] mature lesions with sunken necrotic centers; [C] extended and coalesced lesions 
into flesh; [D] surface lesions (Images courtesy of T. Frett). 
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Chapter Two: Genome-Wide Association Studies for Fruit and Leaf Resistance to Bacterial 
Spot [Xanthomonas arboricola pv. pruni (Xap)] in Peach. 
Abstract 
Bacterial spot, caused by the bacterium Xanthomonas arboricola pv. pruni (Xap), is a threat to 
the peach [Prunus persica (L.) Batsch], European plum (P. domestica L.), Japanese plum (P. 
salicina L.), tart cherry (P. cerasus L.), and sweet cherry (P. avium L.) industries. The 
development of bacterial spot resistant peach cultivars could help to mitigate the environmental 
and health risks of bactericides while reducing input costs for growers. Markers for fruit 
resistance to bacterial spot have been developed from quantitative trait loci (QTL) discovered on 
chromosomes one and six and are currently used in the University of Arkansas System Division 
of Agriculture (UA) and Clemson University peach breeding programs. However, no markers 
associated with foliar resistance to Xap have been developed. A total of 130 progeny and 13 
parents (n=143) were evaluated for Xap resistance in 2013, 2014, and 2015, and 162 progeny and 
eight parents (n=170) were evaluated for fruit and foliar resistance in 2017 and 2018 as part of a 
genome-wide association study (GWAS). All individuals were genotyped with the peach 9K or 
9+9K genotyping array and a GWAS was performed using a Fixed and random model 
Circulating Probability Unification (FarmCPU) model. Foliar resistance was quantitatively 
inherited and controlled by several small-effect QTLs located on chromosomes 1, 2, 3, 5, 6, and 
7. Fruit resistance was also quantitatively inherited and controlled by multiple small-effect QTLs 
located on chromosomes 1, 2, and 3. A significant SNP associated with fruit resistance was 
identified on chromosome one at 19.57 Mbp in a haploblock region that co-localizes with a 
previously described QTL for fruit resistance in the population ‘O’Henry’ x ‘Clayton’. 
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Bacterial spot, caused by the bacterium Xanthomonas arboricola pv. pruni (Xap), is a disease 
that impacts Prunus spp. in humid regions around the world, causing premature defoliation, low 
vigor, and loss of marketable fruit (Aarrouf et al., 2008; EPPO/CABI, 1997; OEPP/EPPO, 2006; 
Ritchie, 1995). Xap was first identified in 1902 on Japanese plums in North America and is also 
called bacterial leaf spot, shotgun-hole, and black spot (Smith, 1903). This disease can infect 
peaches and nectarines, almonds [P. dulcis (Mill.) D.A. Webb], sweet and tart cherries, Japanese 
and European plums, and apricots (P. armeniaca L.). Symptoms of Xap include small necrotic 
lesions on the leaves and fruit, along with cankers on branches that provide an overwintering site 
for inoculum (EPPO/CABI, 1997; OEPP/EPPO, 2006; Ritchie, 1995). 
Introduction  
 The bacterial inoculum overwinters within the intercellular spaces of the cortex, 
xylem and phloem within cankers, and the leaf scars on twigs (EPPO/CABI, 1997; 
Ritchie, 1995). The inoculum is spread among trees by dripping dew and wind-blown rain 
during the spring. Bacteria enters new growth through open stomata or wounds and enters 
the vascular system. Lesions exude Xap inoculum, creating another source of inoculum for 
infection. Leaf symptoms of Xap typically develop within 5 to 14 d after infection 
(Aarrouf et al., 2008; EPPO/CABI, 1997; OEPP/EPPO, 2006; Ritchie, 1995).  
 The most severe damage to the peach leaf occurs at the tip and along the margin 
and midrib of the leaf because copious amounts of bacteria accumulate in these areas 
(EPPO/CABI, 1997; OEPP/EPPO, 2006; Ritchie 1995). Immature leaves are very 
susceptible to Xap, especially before full expansion. Initial symptoms are observed as 
water-soaked lesions on the lower surface of the leaf, approximately 1 to 2 mm in size. As 
the disease progresses, the water-soaked lesions become angular shaped and yellow-green 
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in color with a brown-yellow center, and will eventually turn into a purple-black color. 
The centers of lesions may drop out, causing a ‘shot-hole’ appearance. Heavily diseased 
leaves become chlorotic and may drop off (EPPO/CABI, 1997; OEPP/EPPO, 2006; 
Ritchie 1995).  
 Fruit infection can only occur during petal fall to shuck split (OEPP/EPPO, 2006; 
Ritchie, 1995). Early on, lesions are small, brown and circular in shape, but the lesions 
become sunken and dark in color over time. As the fruit develops, the lesions enlarge and 
can extend further into the flesh. Symptoms can appear on fruit 3 to 5 weeks after petal 
fall and develop further until the skin color changes. The severity of Xap depends on the 
time at which the fruit was infected. Typically, infections occurring near or after pit-
hardening result in less extreme symptoms as the lesions only infect the surface and do not 
reach the flesh (OEPP/EPPO, 2006).  
 Xap is primarily controlled by the application of bactericides (Ritchie, 1995, 
1999). Bactericides are typically composed of a copper-based product accompanied by an 
antibiotic, such as oxytetracycline (Ritchie, 1995). To ensure complete disease control, 
producers must apply bactericides weekly. Applications are made from petal fall to three 
weeks following shuck split. Frequent bactericide application increases production costs 
and the chances for bacterial evolution of genetic resistance. 
 The most effective control for Xap is host plant resistance, and cultivated peaches 
vary widely in their susceptibility to the disease (Werner et al., 1986; Yang et al., 2013). 
Many of the Xap resistant peach cultivars lack characteristics that are needed for 
successful shipping and storage (Okie, 1998; Yang et al., 2013). The North Carolina State 
University breeding program developed several Xap resistant cultivars, ‘Candor’ and 
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‘Clayton’ being the most notable. These cultivars were developed by crossing the resistant 
cultivar ‘Elberta’ with the very popular commercial cultivar ‘J. H. Hale’ (Okie, 1998; 
Okie et al., 2008; Yang et al., 2013). Many resistant peach cultivars have been identified; 
however, a large variation in the severity of disease symptoms is seen depending on the 
environmental conditions and inoculum pressure throughout the growing season (Keil and 
Fogle, 1974; Simeone, 1985; Werner et al., 1986; Yang et al., 2013).  
 The University of Arkansas System Division of Agriculture (UA) peach breeding 
program has been focused on the development of Xap resistant cultivars since its inception 
in 1964. The primary breeding and testing site of the UA breeding program is the Fruit 
Research Station (FRS) in Clarksville, AR, which has an environment very conducive to 
Xap disease development. Bactericides have not been applied to UA breeding material at 
FRS in the past 50 years, which promotes high Xap populations and an excellent selection 
environment to detect Xap resistance (Worthington and Clark, 2019). Xap pressure at FRS 
varies from year to year depending on weather conditions, but there is generally sufficient 
pressure to be able to make disease ratings (John Clark, personal communication). 
Integrating a genomics approach into the traditional seedling selection process 
offers a more efficient method of introgressing Xap resistance into new peach genotypes 
(Yang et al., 2013). A marker-assisted breeding (MAB) program utilizes DNA markers 
that tag resistance loci of interest, allowing for preselection of resistant individuals 
(Young, 1999). Recent studies have been completed in attempt to understand the 
molecular mechanism(s) of Xap resistance/susceptibility in Prunus (Socquet-Juglard et al., 
2013; Yang et al., 2013).  
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Xap resistance is polygenic in peach (Yang et al., 2013). Yang et al. (2013) found 
14 quantitative trait loci (QTL) that contributed to foliar and fruit Xap resistance in a 
segregating biparental F2 population (‘O’Henry’ x ‘Clayton’). Of the 14 detected QTL, 
five major QTL were chosen based on the stability and size of the additive effect. 
Xap.Pp.OC-4.1, located on chromosome four, accounted for 16.7% to 54.5% of the 
phenotypic variation of leaf symptoms. Xap.Pp.OC-4.2, also located on chromosome four, 
accounted for 16.7% to 44.9% of the phenotypic variation of leaf symptoms. Xap.Pp.OC-
5.1 on LG5 accounted for 45.7% to 51.3% of the phenotypic variation in leaf and fruit 
symptoms. Xap.Pp.OC-1.2, located on chromosome one, accounted for 33.0% to 60.7% of 
the phenotypic variation of fruit symptoms. Xap.Pp.OC-6.1, located on chromosome six, 
accounted for 33.0% to 43.6% of the phenotypic variation of fruit symptoms. SNP 
haplotype tests were developed to predict fruit resistance for Xap.Pp.OC-1.2 (Xap1) and 
Xap.Pp.OC-6.1 (Xap6) QTL (Gasic et al., 2015). Almost 1,000 unique peach trees across 
United States peach breeding programs were genotyped and phenotyped for the severity of 
fruit Xap symptoms to validate the marker tests. These markers only contribute to fruit 
resistance and markers for leaf resistance have yet to be developed.  
To complement these findings, a study was performed on a biparental apricot 
population resulting from a cross between ‘Harostar’ (resistant) x ‘Rouge de Mauves’ 
(unknown) (Socquet-Juglard et al., 2013). Socquet-Juglard et al. (2013) identified four 
genomic regions in the biparental population corresponding to Xap resistance in apricot, 
but only a single QTL on LG 5 was of significant interest. This significant QTL was 
accounted for 46.0% of phenotypic variation in leaf resistance.  
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Previous studies on the genetics of Xap resistance may not have detected all 
possible QTL because biparental populations were used in the analyses. Diverse panels 
used in genome-wide association studies (GWAS) provide the potential to identify more 
loci that may not be segregating in all biparental populations and simplify complex trait 
variation into individual nucleotide sequences, or single genes (Nordborg and Tavare. 
2002; Zhu et al., 2008). False positive marker trait associations can occur in GWAS due to 
population stratification, but there is an array of statistical models that can incorporate the 
population structure and kinship among genotypes to reduce false positives (Kaler et al., 
2017). The mixed linear model (MLM) accounts for population structure and relatedness 
and is the most widely used model in GWAS (Yu et al., 2006). However, the MLM can 
also fail to detect true marker trait associations for complex traits that are associated with 
population structure (Liu et al., 2016). A modified model of MLM, the Multiple Loci 
Linear Mixed Model (MLMM), was developed. This model utilizes multiple markers 
concurrently as covariates in a step-by-step MLM in attempt to remove confounding 
markers. However, in order to remove confounding completely, the MLMM was split into 
two parts: A Random Effect Model (REM) and a Fixed Effect Model (FEM). These 
models were used in repetition to test markers individually, and used other markers that 
were associated as covariates to control false positives in the fixed and random model 
circulating probability unification model (FarmCPU) (Liu et al., 2016). 
The objectives of this study were to measure Xap resistance across thirteen F1 
peach populations and their parents from the UA peach breeding program over five years, 
validate the Xap1 and Xap6 haplotype tests in these populations, and identify QTL 
corresponding to Xap fruit and leaf resistance through a GWAS. 
 
28 
Materials and Methods 
Genotypes evaluated. Phenotypic evaluation of Xap resistance was performed on peach 
and nectarine material at the Fruit Research Station (FRS) in Clarksville, AR [west-central 
AR, lat. 35°31’58’’N and long. 93°24’12’’W; U.S. Dept. of Agriculture (USDA) 
hardiness zone 7a; soil type Linker fine sandy loam (Typic Hapludult)] in the summers of 
2013, 2014, 2015, 2017, and 2018. A total of seven biparental populations were evaluated 
for Xap resistance in 2013, 2014, and 2015 (Table 1). A total of 130 progeny and 13 
parents were evaluated, with individual populations ranging from nine to 43 progeny. 
Seven additional biparental populations were also evaluated for Xap resistance in 2017 
and 2018. The 2017 and 2018 populations consisted of 162 progeny and eight parents, 
with four to 46 progeny in each of the individual populations. Population 320 was the only 
population that was evaluated in all five years of the study. In 2013, 2014, and 2015, 
phenotypic data were collected on 43 progeny from the 320 population, while data were 
collected on 46 progeny from the 320 population in 2017 and 2018. Population 320 was 
planted in 2004, the other populations evaluated in 2013, 2014, and 2015 (801, 803, 813, 
817, 819, and 825) were planted in 2009, and the remaining populations evaluated in 2017 
and 2018 (1001, 1004, 1011, 1013, 1022, and 1026) were planted in 2011. Four parents of 
the 2017 and 2018 populations (A-753, A-774, A-779, and A-800), were not phenotyped 
or genotyped because they were discarded before the start of this project.  
A single replicate tree of each genotype was evaluated. All of the progeny were 
trained to a perpendicular-V system and spaced 1.9 m between trees and 5.5 m between 
rows, and the parents were trained to an open-center system with trees spaced 5.5 m 
between trees and rows. The progeny trees were own-rooted, while the parental genotypes 
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were budded on ‘GuardianTM’ rootstock. Trees were pruned during the dormant season, 
and fertilized annually with an application of 640 kg.ha-1 of complete fertilizer (19:19:19 
of N:P:K) and were watered by overhead or drip irrigation when necessary. Fruits were 
thinned to a distance of 12 to 15 cm between each fruit. Insects and fungi were managed 
using a program typical for commercial orchards of the area. 
Bacterial spot field assessment. All trees evaluated in this study were exposed to natural 
bacterial spot inoculum at FRS. Because the quantity of inoculum and weather conditions 
at FRS vary from year to year, the severity of infection can differ across seasons. Bacterial 
spot severity on fruit and leaves was assessed using two different combined ordinal and 
categorical scales modified from Yang et al. (2013) (Table 2). In 2013, 2014, and 2015, 
the leaf symptoms were evaluated once after most leaves were fully expanded. These 
ratings were recorded as “Leaf early”. Leaf early ratings were averaged across years and 
labeled “Leaf avg. 2013 to 2015”. In 2017 and 2018, leaf symptoms were evaluated twice 
during the growing season, once after leaves had fully expanded and once after fruit 
harvest was completed for all genotypes. These were recorded as “Leaf early” and “Leaf 
late” scores, respectively. The averages within years were calculated and recorded as 
“Leaf avg. 2017” and “Leaf avg. 2018”.  The averages across years were calculated and 
called “Leaf early avg. 2017 to 2018” and “Leaf late avg. 2017 to 2018”. These ratings 
were averaged across years to calculate “Leaf avg. 2017 to 2018”. Foliar symptoms were 
assessed by walking around each individual tree four times, two times clockwise and two 
times counter clockwise, to ensure all disease effects were accounted for. Fruit symptoms 
were evaluated once at the time of maturity for all populations. These ratings were 
recorded as “Fruit 2013”, “Fruit 2014”, “Fruit 2015”, “Fruit 2017”, and “Fruit 2018”. 
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Averages between years were calculated and recorded as “Fruit avg. 2013 to 2015” and 
“Fruit avg. 2017 to 2018”. Three to 12 peaches, selected at random, from each genotype 
were picked and visually assessed for Xap symptoms. Fewer than 12 fruit were assessed 
on some genotypes due to insufficient fruit production. 
Detached leaf bioassay. A detached leaf bioassay (DLA) was performed under controlled 
laboratory conditions on the populations evaluated in 2017 and 2018 to supplement the 
field evaluations of foliar resistance to Xap. The detached leaf assay was performed 
following methods of Randhawa and Civerolo (1985) with slight modifications using two 
inoculum strains, Xap-NC-88 and Xap-V. Xap-NC-88, collected in North Carolina, was the 
Xap isolate used for field inoculations of the ‘O’Henry’ x ‘Clayton’ mapping population 
(Yang et al., 2013). Xap-V was collected from symptomatic peach leaf tissue at FRS in 
Apr. 2013 and was found to display adequate virulence in preliminary evaluations of 
Arkansas Xap isolates. The preliminary evaluations of 10 Arkansas Xap isolates were 
conducted by performing a detached leaf bioassay on healthy leaves collected from trees 
of two known resistant (‘Contender’ and A-772) and susceptible (‘Spring Snow’ and 
‘Sugar Giant’) genotypes being grown at FRS. Xap-V was chosen for the detached leaf 
assay because it showed the greatest differential response between susceptible and 
resistant genotypes.  
All of the populations and parents that were evaluated in the field during 2017 and 
2018 were phenotyped with a detached leaf assay. The assay was performed over the 
course of two weeks during May 2018 using Xap-V and Xap-NC-88 inoculum. Inoculum 
for this study was prepared by growing Xap-V and Xap-NC-88 out on lysogeny broth (LB) 
agar plates and placing a loopful of fresh bacteria in a sterile 5 mL test tube filled with 2 
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mL of LB broth. The test tubes were placed in a MaxQ 4000 Benchtop Orbital Shaker 
(Thermo Fisher Scientific, Waltham, MA) at 28 ºC for 12 to 16 h to allow bacterial colony 
growth. The concentrated inoculum was removed and diluted with distilled water. Final 
inoculum concentrations were determined by using a spectrophotometer and ranged from 
0.192 to 0.208 optical density. Inoculum was stored at -4 ºC and used within 7 h from the 
time of shaker removal to ensure bacteria viability.  
 Multiple healthy shoots displaying no Xap symptoms were harvested from each 
genotype on the day prior to inoculation in May 2018. Eight young expanded leaves (third 
to sixth leaf from shoot tip) were removed from the shoots and used for the bioassay. 
Leaves were surface sterilized in a 70.0% ethanol solution for 90 s. Next, the leaves were 
placed in two successive autoclaved distilled water baths for 90 s and 60 s to remove any 
residual ethanol. Leaves were then placed abaxial side up on two layers of autoclaved 
paper towels. A sterile 5 mL needleless hypodermic syringe with the respective inoculum 
was placed firmly upon the leaf surface. Leaf infiltration was performed by applying a 
small amount of pressure until a 2-4 mm water-soaked spot appeared on the leaf 
confirming inoculation. Excess inoculum that spilled at the time of infiltration was lightly 
blotted with autoclaved paper towels. Six leaves from each genotype were inoculated with 
bacterial infiltration and two leaves per genotype were inoculated with distilled water as 
controls. Each leaf had six sites of infiltration, three per leaf half, approximately 1 cm 
apart. After infiltration, the leaves were placed inoculated side up in petri dishes of agar 
medium. This entire procedure was performed underneath a sterilized laminar flow hood 
using autoclaved materials. Each petri dish contained two leaves. The leaves were placed 
at 25 to 27 ºC for 6 d to allow disease symptoms to develop. 
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 After 6 d, the eight leaves were removed from the petri dishes and adhered to a 
blue piece of paper (Fig. 1). The leaves were then scanned and images were evaluated 
using Assess 2.0: Image Analysis Software for Disease Quantification (L. Lamari; 
American Phytopathological Society, St Paul, MN). Leaf images were analyzed to 
determine the percent of the leaf surface covered by lesions on each leaf, including the two 
distilled water controls that were expected to exhibit no lesions. The six diseased leaf 
scores for each genotype were recorded, averaged, and used for analysis. The control leaf 
scores were not included in the analysis. 
DNA isolation and SNP genotyping. Young peach leaves were collected on ice and stored at -80 
ºC until use. Leaf tissue was allowed to thaw briefly and ground using a mortar and pestle in 
2.0% CTAB with 0.1% β-mercaptoethanol. The extract was treated with RNAse A (10 mg.mL-1) 
and incubated at 65 ºC for 45 min. The extract was further purified using 24:1 
chloroform:isoamyl alcohol. After ethanol precipitation, DNA was resuspended in deionized 
water. DNA was quantified using a Nanodrop 1000 (Thermo Fisher Scientific, Waltham, MA). 
DNA concentrations were adjusted to a minimum of 75 ng.µL-1 and 50 µL of each 
sample was sent to the iSCAN Facility at Michigan State University (East Lansing, MI). The 9K 
SNP peach array (Illumina Inc., San Diego, CA), which consisted of 8,144 markers, was used to 
genotype peach populations and the corresponding parents for the 2013, 2014, and 2015 
evaluations (Verde et al., 2012). The 9+9K SNP peach array (K. Gasic, unpublished data), which 
consisted of 16,038 markers, was used to genotype peach populations and the corresponding 
parents for the 2017 and 2018 evaluations.  
Xap1 and Xap6 haplotyping. Progeny and parents from all populations were genotyped for 
the Xap1 and Xap6 based on haplotype tests for Xap fruit resistance (Gasic et al., 2015). 
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The four SNP markers for the Xap1 haplotype test were SNP_IGA_39717, 
SNP_IGA_40295, SNP_IGT_43384, and SNP_IGA_46754, which are all located between 
12.92 and 14.98 Mbp on chromosome 1 of the P. persica reference genome. Xap1 
haplotypes were associated with either resistant (R; BBAA; CGTA), intermediate (I; 
BBAB; CGTG), or susceptible (S; AAAB; TATG) alleles. The SNP markers for the Xap6 
haplotype test were: SNP_IGT_680889, SNP_IGT_68909, SNP_IGA_680953, and 
SNP_IGA_681081, which are located between 22.29 and 22.30 Mbp on chromosome 6. 
From the Xap.Pp.OC-6.1 analysis, three haplotypes were observed: BAAB (CTAG) = 
very susceptible (S), BBBB (CCGG) = resistant (R1), ABAA (TCAA) = resistant (R2). 
Statistical analyses. Xap1 and Xap6 haplotype data was combined with phenotypic data to 
determine if the haplotypes were predictive of disease severity. Analysis of variance was 
performed using Proc GLM in SAS 9.4 (SAS Institute. Cary, NC). Data was pooled across 
years (2013, 2014, and 2015 and separately 2017 and 2018) when no significant 
interactions were found between Xap haplotype and year. Mean separation was calculated 
using Tukey’s honestly significant difference (HSD). 
Genome-wide association study. A GWAS was performed using FarmCPU (Liu et al., 
2016). Bonferonni’s correction threshold values (-Log10*(P value/number of markers 
used), with P values of 0.01 and 0.05, were calculated for each data set (2013 to 2015 and 
2017 to 2018) to determine significant association of SNPs with Xap resistance. 
Haploblock analysis. A haploblock analysis was completed using the 9K SNP array and 
the 9+9K SNP array data, utilizing the command-line program PLINK 1.9 (Purcell et al., 
2007; Taliun et al., 2014). The default settings were used, with the exception that the 
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maximum haploblock size was changed from 5,000 kb to 500,000 kb to ensure accurate 
coverage. 
Results 
Phenotypic evaluation of Xap resistance. Phenotypic evaluation of Xap severity was 
performed over the course of five seasons at FRS in Clarksville, AR (Table 3, Suppl. 
Table 1). A detached leaf assay was also performed in 2018 with two strains of Xap 
inoculum, Xap-V and Xap-NC-88. The average leaf disease severity was highest in 2017 
(4.16) and lowest in 2018 (2.45). However, fruit disease severity was highest in 2014 
(3.93) and lowest in 2018 (2.10). Sixty-five genotypes had leaf disease severity of 2 
(10.0% to 25.0% of the leaf surface covered in lesions) or below in 2013, 16 in 2014, 21 
in 2015, three in 2017, and 74 in 2018. However, none of these genotypes were 
completely free of infection. Fruit disease severity followed a similar trend across years. 
Eighty genotypes displayed fruit disease incidence of 2 or below in 2013, 10 in 2014, 23 
in 2015, 54 in 2017, and 111 in 2018. Genotypes with no evidence of lesions or infections 
on fruit were observed every year except 2014. The genotypes had a wide range of leaf 
symptom severity across all years. The widest range of leaf symptom severity was found 
in 2013; severity ranged from 0 to 5 and the standard deviation (SD) of disease severity 
ratings was 1.47. The narrowest range of leaf severity ratings was found in 2017; severity 
ratings ranged from 2 to 5 with a standard deviation of 0.71 (Table 3). Fruit symptom 
ratings also varied widely; the range of fruit severity ratings in 2013, 2015, 2017 and 2018 
was from 0 to 5, while in 2014 the range was from 1 to 5. The highest standard deviation 
for fruit Xap severity was found in 2013 (1.58) and the lowest standard deviation was in 
2014 (1.04) (Table 3). The detached leaf assay distilled water controls for Xap-V ranged 
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from 0% to 4.97% leaf area covered in lesions with a mean of 0.94% and a SD of 0.97%. 
(data not shown). The mean controls for Xap-NC-88 ranged from 0% to 4.78% leaf area 
covered in lesions. The Xap-NC-88 controls had a mean of 1.22% and a SD of 1.11%. The 
Xap-V inoculated leaves ranged from 0.91% to 59.35% leaf area covered in lesions, a 
mean of 8.15%, and a SD of 8.81% (Table 3). The Xap-NC-88 inoculated leaves ranged 
from 0.61% to 65.73% leaf area covered in lesions, a mean of 9.97% and a SD of 11.67%. 
Significant correlations were observed between all traits among genotypes in the 
2013 to 2015 data set (Table 4). The highest Pearson correlation coefficient for the 2013 
to 2015 analysis was between Leaf avg. 2013 to 2015 and Leaf early 2014 (r = 0.85, P ≤ 
0.0001). The highest correlation for the fruit values was between Leaf avg. 2013 to 2015 
and Fruit 2015 (r = 0.81, P ≤ 0.0001). The significant correlation among all traits across 
years suggests a similar disease response occurred in 2013, 2014, and 2015.  
Significant positive correlations were also observed between traits in the 2017 to 
2018 Pearson correlation analysis (Table 5). The highest significant correlation in the 
2017 and 2018 data sets was between Leaf late 2018 and Leaf avg. 2018 (r = 0.93, P ≤ 
0.0001). Correlations were not observed among years with the Leaf early, Leaf late, or 
Leaf avg. ratings, but were observed when examining the averages within years. The 
highest correlation was between Leaf late avg. 2017 to 2018 and Leaf late 2018 (r =0.86, 
P ≤ 0.0001). Significant correlations were not observed for fruit ratings between years; 
however, Fruit avg. 2017 to 2018 was significantly correlated with Fruit 2017 (r = 0.21, P 
≤ 0.0001 and Fruit 2018 (r = 0.82, P ≤ 0.0001). The lack of correlation among traits 
between years suggests that there were differences in disease pressure and symptomology 
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between 2017 and 2018. Significant correlations were not observed between field ratings 
and the detached leaf assay ratings Xap-V and Xap-NC-88. 
Correlations between traits across and within different years for population 320 
were observed (data not shown). The most significant relationship found in the 320 
population was between Leaf avg. 2017 and Leaf early 2017 (r = 0.93, P ≤ 0.0001). 
Significant positive correlations were not observed between the 2013 to 2015 and 2017 to 
2018 data collections. However, two significant negative correlations were also observed 
in this analysis and were found between years. Leaf late 2018 was negatively correlated 
with Leaf early 2013 (r = -0.32, P = 0.04), and Fruit 2013 (r = -0.35, P = 0.02). The lack 
of correlation and negative correlation between the 2013 to 2015 and the 2017 to 2018 
data collections suggests that due to old age and poor tree health, ratings were more severe 
in 2017 to 2018. 
Xap1 and Xap6 haplotypes. A haplotype analysis was performed on the observed 
populations and the parents to determine whether the genotypes carried resistant, 
susceptible, or intermediate alleles for the Xap1 and Xap6 loci. Susceptible (S), resistant 
(R), and intermediate (I) haplotypes were observed for the Xap1 locus in the populations 
studied. The frequencies of the S, R, and I alleles in the 2013 to 2015 populations were 
13.0%, 42.0%, and 45.0% respectively. In the 2017 to 2018 populations the allele 
frequencies of the S, R, and I alleles were 14.5%, 38.5%, and 48.0%. Overall, the 265 
samples had haplotype frequencies of 15.0%, 34.0%, and 51.0% for the S, R, and I alleles, 
respectively.  
Three haplotypes, susceptible (S), resistant 1 (R1), and resistant 2 (R2), were 
observed for the Xap6 locus. In the 2013 to 2015 populations, the frequencies of the S, R1, 
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and R2 alleles were 13.0%, 50.0%, and 37.0% respectively. The 2017 to 2018 populations 
allele frequencies of S, R1, and R2 alleles were 15.5%, 41.0%, and 43.5% respectively. 
Overall, a total of 264 samples were haplotyped across all populations for Xap6 with S, 
R1, and R2 allele frequencies of 17%, 39.5%, and 43.5% respectively. 
The effect of dosage of resistant alleles at Xap1 and Xap6 loci on fruit and leaf Xap 
severity was tested for all the 2013 to 2015 and 2017 to 2018 populations. In the 2013 to 
2015 populations, 51 genotypes had zero resistant alleles, 63 genotypes had one resistance 
allele, and 29 genotypes had two resistance alleles (Table 6). No significant interaction 
was found between allele dosage and year for leaf disease ratings from 2013 to 2015. The 
mean leaf severity for genotypes with two resistant alleles was found to be significantly 
lower than genotypes with zero or one resistance alleles (Table 6). A significant 
interaction was found between Xap1 allele dosage and year for fruit ratings, so results are 
presented separately by year. Genotypes with two resistance alleles had significantly less 
severe fruit symptoms than genotypes with one or no resistant alleles in 2013. In 2014, 
genotypes with two resistance alleles had significantly lower fruit disease severity than 
genotypes with a single resistance allele but did not have significantly lower fruit Xap 
severity from genotypes with zero resistant alleles. In 2015, there was no significant 
difference in fruit disease severity for genotypes with zero, one, or two resistant alleles at 
the Xap1 locus.  
In the Xap1 haplotype analysis for the 2017 to 2018 populations, no significant 
interactions were found between resistant allele dosage and year for either fruit or leaf 
symptoms (Table 7). Sixty-nine genotypes had no resistant alleles, 71 had one resistant 
allele, and 30 had two resistant alleles. The pooled leaf ratings from 2017 and 2018 were 
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not different for genotypes that had zero, one, or two resistant alleles. Genotypes with no 
resistant alleles had significantly less severe symptoms than genotypes with one resistant 
allele in the analysis of pooled fruit rating scores from 2017 and 2018. The severity of leaf 
lesions in the Xap-V detached leaf assay was impacted by resistant allele dosage, with 
genotypes with one or two resistant alleles having significantly lower percent lesion area 
than genotypes with zero resistant alleles. There was also a significant effect of Xap1 
allele dosage on the percent area of lesions inoculated on leaves inoculated with Xap-NC-
88. However, in this case genotypes with zero resistant alleles had a lower percent lesion 
area than genotypes with one or two resistant alleles. 
In the Xap6 haplotype analysis for the 2013 to 2015 populations, a significant 
interaction between Xap6 resistance allele dosage and year was detected for leaf ratings, 
so results are separated by year. Five genotypes had zero resistant alleles, 26 genotypes 
had one resistant allele, and 111 genotypes had two resistant alleles (Table 8). Genotypes 
with two resistance alleles had significantly lower means for leaf symptoms than those 
with zero or one resistance allele in 2013. However, the severity of leaf symptoms in 2014 
was not significantly impacted by the presence of resistance alleles. Genotypes with one 
or two resistance alleles had significantly lower disease ratings than genotypes with zero 
resistance alleles for leaf ratings in 2015. A significant difference was observed among 
genotypes for fruit severity in the pooled analysis of 2013 to 2015. Genotypes with two 
resistance alleles had significantly lower fruit severity ratings than those with zero or one 
resistance allele.  
No significant interaction was found between resistant allele dosage and year for 
the Xap6 haplotype analysis of leaf and fruit ratings made in the 2017 to 2018 populations 
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(Table 9). Seven genotypes had zero resistance alleles present, 39 genotypes had one 
resistance allele present, and 124 genotypes had two resistance alleles present. No 
significant differences were found among means of genotype classes with different 
dosages of Xap6 resistance alleles in the 2017 to 2018 populations for any of the traits 
measured in the field or either of the detached leaf assays.  
Genome-wide association analysis. A total of 8,144 markers from the 9K IPSC peach SNP 
array (Verde et al., 2012) were called. After filtering by minor allele frequency (MAF) > 
0.05 and missing data < 10.0%, 5,515 markers remained for the 2013 to 2015 populations. 
The FarmCPU model removed markers from the analysis that were in high linkage 
disequilibrium (LD), leaving a total of 4,816 markers for GWAS in the analysis for the 
2013 to 2015 populations. Two LOD thresholds were used in this analysis, one with a P-
value of 0.01 (LOD = 5.68) and the other with a P-value of 0.05 (LOD = 4.98).  
A total of eight significant SNPs were identified in the 2013 to 2015 analysis for 
the following traits: Fruit 2013, Fruit 2014, Fruit avg. 2013 to 2015, Leaf early 2013 and 
Leaf early avg. 2013 to 2015 (Table 10 and Fig. 2). Two significant SNPs were identified 
for Fruit 2013. One was found on chromosome one at 19.57 Mbp (LOD = 9.96, P ≤ 0.01) 
and on chromosome three at 6.26 Mbp (LOD 13.01, P ≤ 0.01). Three significant SNPs 
were identified for Fruit 2014 on chromosome one at 33.99 Mbp (LOD = 5.69, P ≤ 0.01), 
chromosome three at 1.36 Mbp (LOD = 5.96, P ≤ 0.01), and chromosome three at 8.73 
Mbp (LOD = 5.29, P ≤ 0.05). One significant SNP was identified for Fruit avg. 2013 to 
2015 on chromosome one at 34.12 Mbp (LOD = 8.75, P ≤ 0.01). Only two significant 
SNPs were identified for leaf resistance to Xap in the 2013-2015 populations. One 
significant SNP was identified for Leaf early 2013 on chromosome seven at 2.30 Mbp 
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(LOD = 5.14, P ≤ 0.05). Another significant SNP on chromosome seven at 2.33 Mbp 
(LOD = 5.45, P ≤ 0.05) was identified for Leaf early avg. 2013 to 2015 (Table 10).  
The 9+9K IPSC peach SNP array (K. Gasic, unpublished data) produced a total of 
16,038 markers. After filtering by MAF > 0.05 and missing data < 10.0%, 10,654 markers 
remained for the GWAS analysis of the 2017 to 2018 populations. After LD pruning in 
FarmCPU, 7,834 markers were utilized in the final analysis of the 2017 to 2018 
populations. Seventy-one significant SNPs were observed in the 2017 to 2018 analysis at 
the LOD thresholds 5.89 (P ≤ 0.01) and 5.19 (P ≤ 0.05).  
Five SNPs identified were significant at P ≤ 0.01 and the remaining 66 SNPs were 
significant at P ≤ 0.05. Significant SNPs were identified for the following traits: Fruit avg. 
2017 to 2018, Leaf early avg. 2017 to 2018, Leaf late 2017, Leaf late 2018, Leaf avg. 
2018, and Xap-NC-88 (Table 10 and Fig. 3). Only one significant fruit resistance SNP was 
identified in the 2017 and 2018 populations for Fruit avg. 2017 to 2018 on chromosome 
two at 23.7 Mbp (LOD = 5.39, P ≤ 0.05). All remaining significant SNPs in the 2017 to 
2018 populations were associated with leaf Xap resistance. Two significant SNPs were 
identified for Leaf early avg. 2017 to 2018 on chromosome one at 36.67 Mbp (LOD = 
6.86, P ≤ 0.01) and on chromosome seven at 19.22 Mbp (LOD = 5.42, P ≤ 0.05). One 
significant SNP was identified for Leaf late 2017 on chromosome one at 20.08 Mbp (LOD 
= 5.37, P ≤ 0.05). One significant SNP was identified for Leaf late 2018 on chromosome 
seven at 18.11 Mbp (LOD = 5.21, P ≤ 0.05). Another significant SNP was identified for 
Leaf avg. 2018 on chromosome two at 16.66 Mbp (LOD = 6.01, P ≤ 0.01). Sixty-two 
significant SNPs were identified for Leaf avg. 2017 to 2018. One significant SNP for Leaf 
avg. 2017 to 2018 was on chromosome one at 43.7 Mbp (LOD of 5.92, P ≤ 0.01). Another 
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significant SNP for Leaf avg. 2017 to 2018 was identified on chromosome six at 5.96 Mbp 
(LOD = 5.76, P ≤ 0.05). The remaining 60 significant SNPs associated with Leaf avg. 
2017 to 2018 were clustered together on chromosome two, spanning from 6.9 Mbp to 
12.78 Mbp. These 60 SNPs were all in perfect LD with one another and had an LOD of 
5.76 (P ≤ 0.05). Three significant SNPs were identified for Xap-NC-88 on chromosome 
three at 18.78 Mbp (LOD = 5.47, P ≤ 0.05), chromosome five at 11.05 Mbp (LOD = 5.72, 
P ≤ 0.05), and chromosome seven at 6.51 Mbp (LOD = 6.14, P ≤ 0.01). No SNPs were 
significantly associated with detached leaf results using the isolate Xap-V.  
Haploblock analysis. Twenty different haploblocks containing significant SNPs in the 
2013 to 2015 and 2017 to 2018 GWAS analyses were detected using PLINK 1.9 (Table 
10). These haploblocks were deemed as Xap.Pp.AR-1.1, Xap.Pp.AR-1.2, Xap.Pp.AR-1.3, 
Xap.Pp.AR-1.4, Xap.Pp.AR-1.5, Xap.Pp.AR-2.1, Xap.Pp.AR-2.2, Xap.Pp.AR-2.3, 
Xap.Pp.AR-2.4, Xap.Pp.AR-2.5, Xap.Pp.AR.2.6, Xap.Pp.AR-3.1, Xap.Pp.AR-3.2, 
Xap.Pp.AR-3.3, Xap.Pp.AR-3.4, Xap.Pp.AR-5.1, Xap.Pp.AR-6.1, Xap.Pp.AR-7.1, 
Xap.Pp.AR-7.2, and Xap.Pp.AR-7.3. Of these 20 haploblocks, 12 contained significant 
SNPs that contributed towards leaf resistance, and the remaining eight contributed to fruit 
resistance. Each individual haploblock contained one significant SNP from the GWAS 
analysis except Xap.Pp.AR-2.2 and Xap.Pp.AR-2.4. The Xap.Pp.AR-2.2 haploblock, 
located on chromosome two and ranged from 6,901,447 bp to 9,161,233 bp, had the 
highest number of significant SNPs (56) identified from the GWAS analysis and had the 
largest haploblock size (2.26 Mbp). Xap.Pp.AR-2.4 was also located on chromosome two 
ranging from 9,404,034 bp to 9,789,354 bp and had two significant SNPs. Xap.Pp.AR-2.2 
and Xap.Pp.AR-2.4 are both associated with leaf resistance. The Xap.Pp.AR-2.2 and 
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Xap.Pp.AR-2.4 haploblocks were in perfect LD with each other (LOD = 5.76) indicating 
one large region of significance. Xap.Pp.AR-1.2 was detected for Fruit 2014 and Fruit avg. 
2013 to 2015. This haploblock was located on chromosome one and ranged from 
33,848,509 bp to 34,839,759 bp. Xap.Pp.AR-7.1 was also detected across multiple traits, 
Leaf early 2013 and Leaf early avg. 2013 to 2015. Xap.Pp.AR-7.1 was located on 
chromosome 7, and ranged from 2,265,596 bp to 3,663,444 bp. 
Discussion 
Xap1 and Xap6 haplotype analysis. Two QTL, Xap1 and Xap6, contributing to Xap fruit 
resistance were identified by Yang et al. (2013). These QTL explained 33.0% to 60.0% of 
the phenotypic variance for fruit Xap severity in the ‘O’Henry’ x ‘Clayton’ population. 
Xap1 and Xap6 had additive effects of 0.78 and 1.05, respectively. Due to the stability and 
the size of these QTL, they were deemed major effect QTL. A SNP-based haplotype 
analysis was developed by Gasic et al. (2015) in attempt to characterize functional alleles 
contributing to Xap fruit resistance. Unique haplotypes were observed for each of the 
QTL. Xap1 and Xap6 SNP based haplotype analysis was conducted on the 2013 to 2015 
and 2017 to 2018 populations. Xap1 had a significant effect on Fruit 2013 and Fruit 2014. 
Genotypes that had two resistance alleles present showed significantly lower Xap severity. 
However, in 2015 having two resistance alleles did not contribute to a significant 
difference in Xap severity, possibly because of the heavy Xap pressure during the 2015 
season. In the 2017 to 2018 analysis, Xap-NC-88 had an inverse relationship with Xap1. 
Genotypes having zero resistance alleles present were significantly lower than having one 
or two resistance alleles. However, Xap-V displayed the opposite response. Having zero 
resistance alleles contributed to a significantly higher disease severity compared to having 
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one or two resistance alleles. Fruit avg. 2017 to 2018 displayed an interesting result. 
Having zero resistance alleles was associated with significantly lower disease severity 
than having one resistance allele, but neither were significantly different from having two 
resistance alleles. 
 The Xap6 SNP-based haplotype analysis had showed varying effects among years. 
Within the 2013 to 2015 traits, Xap6 had a significant effect on Leaf early 2013, Leaf 
early 2015, and Fruit avg. 2013 to 2015. Having two Xap6 resistance alleles for Leaf early 
2013 was associated with a significantly lower disease severity than having zero or one 
resistance allele(s). However, for Leaf early 2015, having zero resistance alleles was 
associated with a significantly higher disease severity than having one or two resistance 
alleles. Xap1 did not have a significant effect in 2015. This data suggests that Xap6 may 
have a more significant influence on leaf resistance than Xap1. Having two resistance 
alleles was associated with lower disease severity, compared to having one or zero 
resistance alleles for Fruit avg. 2013 to 2015 and Leaf early 2013. In the 2017 to 2018 
Xap6 analysis, significant differences were not observed among any traits based upon the 
number of resistance alleles present. A possible explanation for the lack of consistent 
association between Xap6 resistant alleles and disease susceptibility is that resistance is 
mostly fixed in the UA peach breeding program. With very few susceptible haplotypes, it 
was difficult to identify significant differences.  
Quantitative resistance to Xap. Previous studies on Xap resistance in peach have indicated 
that this trait is highly quantitative and polygenic (Okie, 1998; Yang 2013). The results of 
this study indicate that Xap leaf and fruit resistance in peach is quantitative and support 
the findings of Yang et al. (2013) and Werner et al. (1986). A total of 20 significant 
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haploblock regions were found to contribute towards Xap resistance, 13 of which 
contributed to Xap leaf resistance and seven of which contributed to Xap fruit resistance 
(Table 10). In this study the haploblock Xap.Pp.AR-1.1 colocalized with the Xap1 QTL 
identified by Yang et al. (2013), both contributing to fruit resistance to Xap. These similar 
findings indicate that the QTL discovered on chromosome one plays a role in Xap fruit 
resistance for peach. Many significant SNPs were identified on chromosome two, 
contributing to leaf resistance. It is interesting to note that significant SNPs have not been 
discovered on chromosome two by previous studies on Xap resistance. However, 59 out of 
60 significant SNPs identified have the exact same LOD (LOD = 5.76). Inspection of the 
allelic makeup of each significant SNP showed that the SNPs were in linkage 
disequilibrium with one another. The similarity between the allelic states and the LOD 
scores indicates that this may be one large QTL. The specific genetic region associated 
with resistance cannot be defined because of the population structure in this study and lack 
of recombination among progeny in this region.  
 In this study, significant SNPs were not found near the Xap6 locus as previously 
identified in Yang et al. (2013). However, the results of the haplotype analysis indicated 
that very few genotypes in the 2013 to 2015 and 2017 to 2018 populations have zero or 
one resistance alleles present, while the greater majority have two resistance alleles 
present (Tables 8 and 9). This lack of segregation among genotypes made it very difficult 
to detect regions of significance. This leads us to believe that the Xap6 resistance alleles 
are fixed in the UA peach breeding program. In order to detect this specific genetic region 
associated with Xap resistance, a more diverse population is likely needed. 
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 Interestingly, a significant SNP contributing to Xap-NC-88 leaf resistance was 
identified on chromosome five in this study, and the haploblock region spanned from 
10.98 Mbp to 11.05 Mbp. A significant QTL was identified in a previous study on 
chromosome five and contributed to Xap leaf resistance in apricot (Socquet-Juglard et al., 
2013). This significant QTL spanned from 12.31 to 14.66 Mbp. The significant SNP in 
this study did not colocalize with the previously identified QTL but located in proximity. 
The data taken from multiple studies highlights the true complexity for peach leaf and 
fruit Xap resistance. Our data indicates that there are a multitude of genes across different 
chromosomes that contribute to Xap resistance in different genetic backgrounds and in 
different environmental conditions. 
 The varying environmental conditions between years in the 2013 to 2015 and 2017 
to 2018 populations played a large role in the lack of correlation between traits between 
years. However, the lack of correlation between traits across years explains why 
significant SNPs were not detected across years. The lack of correlation could be due to a 
lack of replication in the field. Replication of treatments in the field could improve trait 
correlations and increase the rating score accuracy. The severity of disease symptoms in 
Xap are highly influenced by microenvironment. (Ritchie, 1995, 1999). However, the lack 
of correlation between traits indicates a low level of broad sense heritability.  
Due to a low level of broad sense heritability, a genomic selection (GS) approach 
would be an optimal method to utilize the findings of this study. Five ideal haploblocks 
were selected from this study for future GS. Xap.Pp.AR-1.1, Xap.Pp.AR-1.2, Xap.Pp.AR-
2.2, Xap.Pp.AR-7.1 and Xap.Pp.AR-7.2. Xap.Pp.AR-1.1, contributing to fruit Xap 
resistance, was selected due to being identified in a previous study (Yang et al., 2013) and 
 
46 
having a large LOD. Markers for this haploblock have also been previously developed and 
utilized for haplotyping (Gasic et al., 2015). Xap.Pp.AR-1.2 was selected due to being 
detected in multiple traits contributing to fruit resistance. Xap.Pp.AR-2.2 was selected due 
to the large number of significant SNPs that were found to be associated with leaf Xap 
resistance. Xap.Pp.AR-7.1 and Xap.Pp.AR-7.2 were selected due to being identified 
between two traits and contributing to Xap leaf resistance. It is important to note that 
previous studies have yet to identify genes of interest on chromosomes two and seven. The 
previously mentioned haploblocks and the QTL discovered in previous studies (Socquet-
Juglard, 2013; Yang et al., 2013) should be considered for GS in the attempt to find full 
Xap resistance. 
Conclusion 
The attempt to find resistance to Xap in peach has been attempted many times, 
however complete resistance has yet to be obtained. Due to the polygenic nature of Xap 
resistance, the sole use of conventional breeding is much too laborious, costly, and time 
consuming. GS should be considered to aid the conventional breeding process. Five 
haploblocks were selected for future marker development; Xap.Pp.AR-1.1 and Xap.Pp.AR-
1.2 both contributing to fruit resistance and the remaining three haploblocks, Xap.Pp.AR-
2.2, Xap.Pp.AR.7.1, and Xap.Pp.AR-7.2, contributing to leaf resistance. Due to Xap 
resistance being a highly quantitative trait, it is advised to incorporate all favorable 
haploblocks in one peach genotype to provide adequate resistance. Due to environmental 
variability and varying Xap populations in the field, phenotypic selection for all 
haploblocks will be an endless pursuit. The development of markers for the selected 
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haploblocks associated with fruit and leaf resistance to be applied in a GS program would 
aid this endeavor immensely.  
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Appendix 
Table 1. Population summaries for the 2013, 2014, 2015, 2017, and 2018 populations.  
Population  Years evaluated 
Number 
of 
progeny 
Female parent  Male parent 
Name yXap1 xXap6   Name yXap1 xXap6 
320 
2013 to 2015 and 
2017 to 2018 
43(46z) White County R|R R1|R1  A-672 R|I 
R1|R2 
801 2013 to 2015 16 A-776 S|I  R1|R2  A-783 R|I S|R2 
803 2013 to 2015 11 Amoore Sweet S|I R1|R2  A-778 S|S R1|R2 
813 2013 to 2015 12 A-772 R|I R2|R2  A-672 R|I R1|R2 
817 2013 to 2015 9 A-789 R|I R1|R2  A-699 R|I S|R1 
819 2013 to 2015 23 A-708 R|I S|R1  A-773 I|I S|R2 
825 2013 to 2015 16 Souvenirs I|I R1|R1  A-760 R|S R1|R2 
1001 2017 to 2018 4 A-665 S|I R1|R2  A-800 na na 
1004 2017 to 2018 30 A-753 na na  Souvenirs I|I R1|R1 
1011 2017 to 2018 28 A-786 R|R R1|R2  A-773 I|I S|R2 
1013 2017 to 2018 6 A-772 R|I R2|R2  A-774 na na 
1022 2017 to 2018 27 Amoore Sweet S|I R1|R2  A-779 na na 
1026 2017 to 2018 21 A-816 S|I R2|R2   A-772 R|I R2|R2 
z 43 progeny were evaluated in 2013 to 2015 in population 320 and 46 progeny of the same population were evaluated in 2017 to 
2018. 
yXap1. Xap.Pp.CO.1.2 SNP haplotype analysis for the parents indicating whether the parent carries susceptible (S), intermediate (I), or 
resistant (R) for alleles. Unknown parental haplotypes are represented by na. 
xXap6. Xap.Pp.CO.6.1 SNP haplotype analysis for the parents indicating whether the parent carries susceptible (S), resistant 1 (R1), or 
resistant 2 (R2) alleles. Unknown parental haplotypes are represented by na.
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Table 2. Rating scale used to assess severity of bacterial spot symptoms on leaves and fruit in the 
field. Modified from Yang et al. (2013). 
Rating Foliage scale Rating Fruit scale 
0 
No evidence of lesions/infection on 
the leaf surface 
0 
No evidence of lesions/infection on 
the fruit 
1 
<10.0% of the leaf surface covered 
in lesions. 
1 
 <10.0% of the fruit surface covered 
in lesions 
2 
10.0 to 25.0% of the leaf surface 
covered in lesions.  
2 
10.0 to 25.0% of the fruit surface 
covered in lesions 
3 
25.0 to 40.0% of the leaf surface 
covered in lesions. Minor chlorosis 
may be apparent.  
3 
26.0 to 40.0% of the fruit surface 
covered in lesions 
4 
40.0 to 60.0% of the leaf surface 
covered in lesions. Moderate 
chlorosis & minor leaf drop. 
4 
40.0 to 60.0% of the fruit surface 
covered in lesions 
5 
>60.0% of the leaf surface covered 
in lesions. Major chlorosis and/or 
significant leaf drop. 
5 
>60.0% of the fruit surface covered 
in lesions and/or cracking of the skin 
(unmarketable) 
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Table 3. Summary of the observed fruit and leaf symptoms in the field for 2013, 2014, 2015, 
2017 and 2018. 
Trait 
Year 
analyzed 
Minimum Maximum Mean SD 
Leaf early 2013 0 5 2.65 1.47 
Fruit 2013 0 5 2.72 1.58 
Leaf early 2014 1 5 3.86 1.11 
Fruit 2014 1 5 3.93 1.04 
Leaf early 2015 1 5 3.49 1.08 
Fruit 2015 0 5 3.66 1.17 
Leaf early 2017 1 5 3.82 1.06 
Leaf late 2017 2 5 4.54 0.71 
Leaf avg. 2017 1.5 5 4.16 0.79 
Fruit 2017 0 5 3.50 1.47 
Leaf early 2018 1 3 1.69 0.63 
Leaf late 2018 1 5 3.20 1.15 
Leaf avg. 2018 1 4 2.45 0.76 
Fruit 2018 0 5 2.10 1.40 
Detached Leaf Assay - 
Xap-V 
2018 0.91 59.35 8.15 8.81 
Detached Leaf Assay - 
Xap-NC-88 
2018 0.61 65.73 9.97 11.62 
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Table 4. Pearson correlation coefficient results from the 2013 to 2015 populations. 
  
Leaf 
2013 
Fruit 
2013 
Leaf 
2014 
Fruit 
2014 
Leaf 
2015 
Fruit 
2015 
Leaf 2013       
Fruit 2013 0.69***      
Leaf 2014 0.51*** 0.43***     
Fruit 2014 0.22** 0.34*** 0.46***    
Leaf 2015 0.47*** 0.41*** 0.75*** 0.43***   
Fruit 2015 0.37*** 0.39*** 0.52*** 0.66*** 0.53***  
Leaf avg. 2013 to 
2015 
0.8*** 0.61*** 0.85*** 0.4*** 0.81*** 0.55*** 
*, **, *** r significantly different from zero at P ≥ 0.05, P ≥ 0.01, and P ≥ 0.0001 respectively. 
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Table 5. Pearson correlation coefficient results from the 2017 and 2018 populations. 
               
 Trait 
Leaf early 
2017 
Leaf 
late 
2017 
Leaf 
avg. 
2017 
Fruit 
2017 
Leaf 
early 
2018 
Leaf 
late 
2018 
Leaf avg. 
2018 
Fruit 
2018 
Xap-V 
Xap-
NC-88 
Leaf early 2017           
Leaf late 2017 0.6***          
Leaf avg. 2017 0.92*** 0.83***         
Fruit 2017 0.32*** 0.4*** 0.39***        
Leaf early 2018 nsz ns ns ns       
Leaf late 2018 ns ns ns ns 0.42***      
Leaf avg. 2018 ns ns ns ns 0.73*** 0.93***     
Fruit 2018 ns ns ns ns ns ns ns    
Xap-V ns ns ns ns ns ns ns ns   
Xap-NC-88  ns ns ns ns ns ns ns ns ns   
z Abbreviation: ns, no significant correlation (P > 0.05) 
*, **, *** r significantly different from zero at P ≥ 0.05, P ≥ 0.01, and P ≥ 0.0001 respectively. 
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Table 6. Xap.Pp.OC-1.2 haplotype analysis results from the 2013 to 2015 populations. 
Resistant allele dosage Genotypes Leaf avg. 2013 to 2015  Fruit 2013 Fruit 2014 Fruit 2015 
0 51 3.47 bz 2.77 b 4.06 ab 3.75 a 
1 63 3.51 b 3.13 b 4.13 b 3.76 a 
2 29 2.87 a 1.48 a 3.59 a 3.55 a 
F R. allele dosage  9.46 12.78 3.13 0.35 
P value   <0.001 <0.001 0.047 0.704 
zMean separation was calculated using Tukey’s HSD. Means followed by the same letter within traits are not significantly different (P 
<0.001). 
 
Table 7. Xap.Pp.OC-1.2 haplotype analysis results from the 2017 to 2018 populations. 
Resistant allele dosage Genotypes Leaf average 2017 to 2018 Fruit average 2017 to 2018 Xap-V 
Xap-NC-
88 
0 69 3.30 a z 2.58 a 11.67 b 6.75 a 
1 71 3.36 a 3.10 b 5.54 a 11.39 b 
2 30 3.18 a 2.64 ab 6.30 a 13.99 b 
F R. allele dosage  1.14 4.78 10.08 5.07 
P value  0.320 0.009 <0.001 0.007 
zMean separation was calculated using Tukey’s HSD. Means followed by the same letter within traits are not significantly different (P 
<0.001). 
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Table 8. Xap.Pp.OC-6.1 haplotype analysis results for the 2013 to 2015 populations. 
 
     
Resistant allele dosage Genotypes Leaf early 2013 Leaf early 2014 Leaf early 2015 Fruit avg. 2013 to 2015 
0 5 4.80 b z 4.60 a 4.60 b 4.53 b 
1 26 3.23 b 4.00 a 3.46 a 3.86 b 
2 111 2.40 a 3.86 a 3.50 a 3.32 a 
F R. allele dosage  10.04 1.22 2.82 11.64 
P value  <0.001 0.298 0.063 <0.001 
zMean separation was calculated using Tukey’s HSD. Means followed by the same letter within traits are not significantly different (P 
<0.001). 
 
 
Table 9. Xap.Pp.OC-6.1 haplotype analysis results from the 2017 to 2018 populations. 
Resistant allele dosage Genotypes Leaf avg. 2017 to 2018  Fruit avg. 2017 to 2018 Xap-V Xap-NC-88 
0 7 3.26 az 2.24 a 15.47 a 4.04 a 
1 39 3.42 a 2.73 a 9.98 a 7.12 a 
2 124 3.27 a 2.85 a 7.19 a 11.18 a 
F R. allele dosage  1.15 1.22 3.75 2.67 
P value   0.318 0.296 0.026 0.072 
zMean separation was calculated using Tukey’s HSD. Means followed by the same letter within traits are not significantly different (P 
<0.001). 
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Table 10. Significant SNPs from GWAS analysis using FarmCPU. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Abbreviation: Chr. – chromosome. 
y Abbreviation: Num. – number. 
x LOD – logarithim of the odds is obtained by computing -log(P-value).
Trait 
Major SNP  
marker zChr. Haploblock 
Haploblock  
start (bp) 
Haploblock  
ends (bp) yNum. of SNPs xLOD 
Fruit 2013 SNP_IGA_63746 1 Xap.Pp.AR-1.1 19527118 19582388 1 9.96 
Fruit 2013 SNP_IGA_308290 3 Xap.Pp.AR-3.1 6273848 6474790 1 13.01 
Fruit 2014 SNP_IGA_104180 1 Xap.Pp.AR-1.2 33848509 34839759 1 5.69 
Fruit 2014 SNP_IGA_292384 3 Xap.Pp.AR-3.2 1222309 1479505 1 5.96 
Fruit 2014 SNP_IGA_335041 3 Xap.Pp.AR-3.3 8678926 9282024 1 5.29 
Fruit avg. 2013 to 2015 SNP_IGA_104455 1 Xap.Pp.AR-1.2 33848509 34839759 1 8.75 
Leaf early 2013 SNP_7_2535191 7 Xap.Pp.AR-7.1 2265596 3663444 1 5.14 
Leaf early avg. 2013 to 2015 SNP_IGA_717776 7 Xap.Pp.AR-7.1 2265596 3663444 1 5.45 
Fruit avg. 2017 to 2018 Peach_AO_0292479 2 Xap.Pp.AR-2.6 23704278 23789875 1 5.40 
Leaf early avg. 2017 to 2018 Peach_AO_0108794 1 Xap.Pp.AR-1.3 36482331 36679528 1 6.86 
Leaf early avg. 2017 to 2018 Peach_AO_0770958 7 Xap.Pp.AR-7.2 19195947 19748880 1 5.42 
Leaf late 2017 Peach_AO_0065694 1 Xap.Pp.AR-1.4 20078313 20131636 1 5.37 
Leaf late 2018 Peach_AO_0767155 7 Xap.Pp.AR-7.2 19195947 19748880 1 5.21 
Leaf avg. 2018 Peach_AO_0267185 2 Xap.Pp.AR-2.1 16514976 16773323 1 6.03 
Leaf avg. 2017 to 2018 Peach_AO_0125069 1 Xap.Pp.AR-1.5 43695177 43779641 1 5.92 
Leaf avg. 2017 to 2018 Peach_AO_0212983 2 Xap.Pp.AR-2.2 6901447 9161233 56 5.76 
Leaf avg. 2017 to 2018 Peach_AO_0229961 2 Xap.Pp.AR-2.3 9308789 9394359 1 5.76 
Leaf avg. 2017 to 2018 Peach_AO_0230097 2 Xap.Pp.AR-2.4 9404034 9789354 2 5.76 
Leaf avg. 2017 to 2018 Peach_AO_0247000 2 Xap.Pp.AR-2.5 12782778 13699900 1 5.76 
Leaf avg. 2017 to 2018 SNP_IGA_623076 6 Xap.Pp.AR-6.1 4646597 5956227 1 5.76 
Xap-NC-88 SNP_IGA_343872 3 Xap.Pp.AR-3.4 18782863 19016121 1 5.47 
Xap-NC-88 Peach_AO_0575731 5 Xap.Pp.AR-5.1 10984724 11048817 1 5.72 
Xap-NC-88 SNP_IGA_740105 7 Xap.Pp.AR-7.3 6352313 6559129 1 6.14 
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Fig. 1. Scanned leaf image from detached leaf assay following the 6 d incubation period. 
The set of leaves on the top row was inoculated with distilled water and was used as a 
control. The three following sets of leaves were inoculated with a bacterial solution. Each 
leaf received six sites of inoculation, approximately 1 cm apart.
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Fig. 2. Manhattan plot output from FarmCPU GWAS analysis for the 2013 to 2015 populations. Manhattan plots are only included for 
traits with significant marker trait associations. The green line is a significance threshold calculated by FarmCPU where P = 0.01. The 
red line is a significance threshold based upon the Bonferonni’s correction where P = 0.05.
 
 
6
0
 
 
Fig. 3. Manhattan plot output from FarmCPU GWAS analysis for the 2017 to 2018 populations. Manhattan plots are only included for 
traits with significant marker trait associations. The green line is a significance threshold calculated by FarmCPU where P = 0.01. The 
red line is a significance threshold based upon the Bonferonni’s correction where P = 0.05. 
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Suppl. Table 1. Field Xap ratings observed from the 2013 to 2015 populations. 
Genotype Xap1 Xap6 
Leaf 
early 
2013 
Fruit 
2013 
Leaf 
early 
2014 
Fruit 
2014 
Leaf 
early 
2015 
Fruit 
2015 
Leaf avg. 
2013-2015 
Fruit avg. 
2013-2015 
Amoore Sweet S|I R1|R2 3 3 3 3 2 2 3 3 
A_672 R|I R1|R2 4 3 4 3 3 4 4 3 
A_699 R|I S|R1 3 4 3 4 3 3 3 4 
A_708 R|I S|R1 3 5 3 5 4 3 3 4 
A_760 S|R R1|R2 2 3 2 3 1 1 2 2 
A_772 R|I R2|R2 1 1 1 1 1 0 1 1 
A_773 I|I S|R2 2 3 2 3 2 2 2 3 
A_776 S|I R1|R2 2 2 2 2 2 2 2 2 
A_778 S|S R1|R2 5 3 5 3 4 3 5 3 
A_783 R|I S|R2 3 3 3 3 3 4 3 3 
A_789 R|I R1|R2 1 3 1 3 1 3 1 3 
Souvenirs I|I R1|R1 2 3 2 3 2 2 2 3 
Wh. County R|R R1|R1 2 2 2 2 2 2 2 2 
320_01 R|R R1|R2 3 1 3 3 2 3 3 2 
320_02 R|R R1|R1 3 1 5 4 5 4 4 3 
320_03 R|R R1|R2 2 2 3 2 3 3 3 2 
320_04 R|R R1|R1 2 2 3 3 2 3 2 3 
320_05 R|I R1|R1 1 0 3 3 3 1 2 1 
320_07 R|R R1|R2 2 1 4 5 3 5 3 4 
320_08 R|R R1|R1 0 0 3 3 3 3 2 2 
320_09 R|R R1|R2 1 2 4 5 4 4 3 4 
320_10 R|R R1|R2 1 2 2 5 2 5 2 4 
320_11 R|R R1|R1 0 1 4 4 4 4 3 3 
320_12 R|I R1|R1 0 0 3 4 2 2 2 2 
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Suppl. Table 1(Cont.) 
Genotype Xap1 Xap6 
Leaf 
early 
2013 
Fruit 
2013 
Leaf 
early 
2014 
Fruit 
2014 
Leaf 
early 
2015 
Fruit 
2015 
Leaf avg. 
2013-2015 
Fruit avg. 
2013-2015 
320_13 R|I R1|R2 1 1 3 5 2 5 2 4 
320_15 R|R R1|R1 3 1 2 4 2 4 2 3 
320_17 R|R R1|R1 1 2 4 3 4 3 3 3 
320_18 R|R R1|R1 1 0 4 3 3 5 3 3 
320_19 R|I R1|R2 1 3 3 5 4 5 3 4 
320_20 R|R R1|R1 3 2 5 3 5 4 4 3 
320_21 R|R R1|R1 1 2 5 5 5 5 4 4 
320_22 R|R R1|R2 2 3 4 3 4 2 3 3 
320_23 R|R R1|R1 1 1 3 3 3 3 2 2 
320_24 R|R R1|R2 3 2 3 4 3 4 3 3 
320_25 R|I R1|R1 1 0 3 4 2 3 2 2 
320_26 R|R R1|R1 0 0 3 3 3 2 2 2 
320_27 R|R R1|R1 1 1 4 4 4 4 3 3 
320_28 R|I R1|R2 0 0 2 4 3 3 2 2 
320_29 R|I R1|R1 3 1 4 4 3 4 3 3 
320_30 R|I R1|R1 4 4 5 5 5 4 5 4 
320_31 R|I R1|R1 3 3 4 4 3 4 3 4 
320_32 R|I R1|R2 3 3 5 4 5 2 4 3 
320_33 R|I R1|R1 5 5 5 4 5 4 5 4 
320_34 R|R R1|R1 4 2 4 3 3 3 4 3 
320_35 R|I R1|R2 2 3 3 4 4 4 3 4 
320_36 R|I R1|R2 1 3 4 3 4 3 3 3 
320_37 R|I R1|R2 1 3 5 4 5 4 4 4 
320_38 R|R R1|R1 1 1 4 5 3 5 3 4 
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Suppl. Table 1 (Cont.) 
Genotype Xap1 Xap6 
Leaf 
early 
2013 
Fruit 
2013 
Leaf 
early 
2014 
Fruit 
2014 
Leaf 
early 
2015 
Fruit 
2015 
Leaf avg. 
2013-2015 
Fruit avg. 
2013-2015 
320_40 R|I R1|R1 3 3 4 3 4 4 4 3 
320_41 R|R R1|R1 2 1 3 3 3 4 3 3 
320_42 R|I R1|R2 4 5 4 4 4 4 4 4 
320_43 R|I R1|R2 1 2 4 2 3 2 3 2 
320_44 R|I R1|R2 2 2 5 5 4 2 4 3 
320_45 R|I R1|R1 3 2 5 5 4 4 4 4 
320_46 R|R R1|R2 4 1 3 2 3 2 3 2 
320_47 R|R R1|R2 2 3 2 5 3 2 2 3 
801_01 S|I R2|R2 1 2 4 5 3 2 3 3 
801_02 S|I S|R2 1 1 3 4 3 3 2 3 
801_03 R|I R1|R2 1 5 2 2 2 2 2 3 
801_04 S|I R2|R2 1 1 3 5 3 5 2 4 
801_05 I|I R1|R2 1 3 2 1 2 2 2 2 
801_06 R|I S|R2 1 2 5 4 4 4 3 3 
801_07 S|I R1|R2 3 2 4 2 4 2 4 2 
801_08 R|I R1|R2 0 1 3 3 3 2 2 2 
801_09 S|I R2|R2 2 2 3 4 2 3 2 3 
801_10 I|I S|R1 1 2 4 3 3 4 3 3 
801_11 R|I S|R2 2 0 3 3 3 4 3 2 
801_12 S|I S|R1 2 2 3 3 2 2 2 2 
801_13 S|I R1|R2 2 0 4 5 3 4 3 3 
801_14 I|I S|R2 2 3 3 5 3 5 3 4 
801_15 S|I S|R2 0 0 2 5 2 4 1 3 
801_16 R|I S|R2 1 1 2 5 2 4 2 3 
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Suppl. Table 1(Cont.) 
Genotype Xap1 Xap6 
Leaf 
early 
2013 
Fruit 
2013 
Leaf 
early 
2014 
Fruit 
2014 
Leaf 
early 
2015 
Fruit 
2015 
Leaf avg. 
2013-2015 
Fruit avg. 
2013-2015 
803_01 S|S R1|R2 0 1 4 3 3 1 2 2 
803_02 S|S R1|R2 1 1 5 5 2 4 3 3 
803_03 S|S R1|R1 2 0 4 5 4 3 3 3 
803_04 S|S R2|R2 1 0 4 3 4 3 3 2 
803_05 S|I R2|R2 1 1 4 4 4 3 3 3 
803_06 S|I R2|R2 1 1 5 5 5 5 4 4 
803_11 S|S R1|R2 4 5 5 4 3 4 4 4 
803_12 S|I R2|R2 1 5 5 5 2 4 3 5 
803_13 S|I R1|R1 4 4 5 4 4 4 4 4 
803_14 S|S R1|R1 3 4 5 5 3 5 4 5 
803_15 I|I R1|R2 5 4 5 5 3 3 4 4 
813_01 I|I R1|R2 5 5 5 5 5 5 5 5 
813_02 R|I R1|R2 3 3 4 4 4 4 4 4 
813_03 R|I R1|R2 3 2 3 2 3 4 3 3 
813_04 R|R R1|R2 2 3 4 4 4 5 3 4 
813_05 I|I R1|R2 4 4 5 5 5 5 5 5 
813_06 R|I R2|R2 4 4 5 5 4 5 4 5 
813_07 I|I R2|R2 3 0 5 3 4 3 4 2 
813_08 R|I R2|R2 3 3 5 4 4 3 4 3 
813_09 R|I R1|R2 2 4 5 5 4 5 4 5 
813_10 I|I R2|R2 4 3 4 3 4 3 4 3 
813_11 R|R R2|R2 3 0 2 3 3 2 3 2 
813_12 R|R R1|R2 2 0 3 3 3 3 3 2 
817_01 R|I R1|R2 3 5 5 5 5 5 4 5 
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Suppl. Table 1(Cont.) 
Genotype Xap1 Xap6 
Leaf 
early 
2013 
Fruit 
2013 
Leaf 
early 
2014 
Fruit 
2014 
Leaf 
early 
2015 
Fruit 
2015 
Leaf avg. 
2013-2015 
Fruit avg. 
2013-2015 
817_02 I|I R1|R2 3 5 5 5 5 5 4 5 
817_03 R|R R1|R1 2 4 5 5 5 5 4 5 
817_04 R|I R1|R2 5 5 5 5 5 5 5 5 
817_05 I|I S|R1 5 5 5 5 5 5 5 5 
817_06 R|I S|R2 3 4 5 5 5 5 4 5 
817_07 R|I R1|R2 4 3 5 4 5 5 5 4 
817_08 I|I zNA 4 4 5 5 5 5 5 5 
817_09 R|I R1|R2 4 5 5 5 5 5 5 5 
819_01 R|I R1|R2 5 5 4 5 4 4 4 5 
819_02 I|I S|R2 5 4 5 5 4 4 5 4 
819_03 R|I R1|R2 3 5 5 5 5 5 4 5 
819_04 I|I S|R1 5 5 4 4 3 3 4 4 
819_05 R|I S|R2 4 5 5 4 3 3 4 4 
819_06 R|I R1|R2 3 3 5 4 3 4 4 4 
819_07 I|I S|S 4 4 4 4 4 4 4 4 
819_08 R|I R1|R2 5 4 5 5 5 5 5 5 
819_09 R|I R1|R2 3 4 5 5 3 3 4 4 
819_10 I|I S|R2 3 3 4 3 3 5 3 4 
819_11 I|I S|R1 4 4 5 5 3 5 4 5 
819_12 I|I S|R2 5 5 5 5 5 5 5 5 
819_13 R|I S|S 5 5 4 4 4 4 4 4 
819_14 I|I S|R2 4 4 5 4 4 4 4 4 
819_15 R|I S|R1 5 3 5 4 4 5 5 4 
819_16 I|I S|S 5 5 5 4 5 5 5 5 
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Suppl. Table 1(Cont.) 
Genotype Xap1 Xap6 
Leaf 
early 
2013 
Fruit 
2013 
Leaf 
early 
2014 
Fruit 
2014 
Leaf 
early 
2015 
Fruit 
2015 
Leaf avg. 
2013-2015 
Fruit avg. 
2013-2015 
819_17 R|I S|R2 5 5 5 5 5 5 5 5 
819_18 R|I S|R2 5 5 5 5 4 5 5 5 
819_19 I|I S|R2 5 5 5 4 3 5 4 5 
819_20 R|I S|R1 5 4 5 zNa 5 Na 5 4 
819_21 R|I S|S 5 4 5 5 5 5 5 5 
819_22 R|I S|S 5 5 5 5 5 5 5 5 
819_23 I|I R1|R2 3 3 4 4 4 4 4 4 
825_01 S|R R1|R2 5 4 5 4 5 4 5 4 
825_02 S|I R1|R2 3 3 5 4 4 4 4 4 
825_03 R|I R1|R2 3 5 3 5 3 4 3 5 
825_04 S|I R1|R1 1 1 5 5 5 5 4 4 
825_05 R|I R1|R1 2 0 4 3 3 2 3 2 
825_06 S|R R1|R2 3 4 2 5 3 4 3 4 
825_07 I|I R1|R1 2 3 3 5 3 4 3 4 
825_08 R|I R1|R2 3 2 5 5 5 5 4 4 
825_09 R|I R1|R2 3 4 4 4 3 4 3 4 
825_10 I|I R1|R1 3 3 4 5 4 5 4 4 
825_11 R|I R1|R2 4 4 4 5 5 5 4 5 
825_12 S|I R1|R2 3 4 5 5 4 5 4 5 
825_13 R|I R1|R1 2 3 4 5 4 4 3 4 
825_14 S|I R1|R2 5 4 5 3 4 4 5 4 
825_15 S|I R1|R1 3 3 3 3 3 3 3 3 
825_16 R|I R1|R2 2 2 4 5 4 4 3 4 
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Chapter Three: Determining the Diversity and Virulence of a United States Xap 
(Xanthomonas arboricola pv. pruni ) Collection from Peach (Prunus persica L.) 
Abstract 
The bacterium Xanthomonas arboricola pv. pruni (Xap), which causes the disease bacterial spot 
in stone fruit, has been documented to have low genetic diversity in comparison to other X. 
arboricola pathovars. Even with potentially low genetic diversity, it is thought that there are 
substantial differences in Xap populations and their degree of virulence on peach and other stone 
fruits. Virulence of Xap strains has shown to vary among peach cultivars. Previous studies used 
isolates from a number of locations and searched for polymorphisms in general housekeeping 
genes to detect diversity. In this study, Xap isolates were collected from 12 states across the 
eastern and central United States, to investigate the diversity and virulence of strains from 
different locations. A total of 673 bacterial glycerol stocks were screened using a pair of 
diagnostic primers, the Y17Co primers, to determine if they were Xap positive. Eighteen simple 
sequence repeats (SSR) with di-, tri- or tetra-nucleotide repeats were identified within the Xap 
CFBP5530 plasmid pXap41 and used to screen Xap positive isolates. A detached leaf assay was 
performed on Xap positive isolates to confirm pathogenicity and record virulence. Pathogenicity 
among all isolates was confirmed, but virulence levels were low. Xap strains were grouped, 
based on marker scores of SSR loci using GenAlEx 6.5, and two dendrograms were generated 
using the R package “Poppr”. The unweighted pair group with arithmetic mean (UPGMA) 
dendrogram analysis showed two major clusters. The neighbor joining (NJ) dendrogram analysis 
showed three major clusters. The clusters formed indicate that there is a high amount of genetic 
diversity found among and within Xap populations in the central and eastern United States.
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Introduction 
Xanthomonas arboricola pv. pruni (Xap) is a pathogenic, gram-negative, mobile (one flagellum), 
rod bacterium. This bacteria was originally discovered in 1903 on Japanese plums (P. salicina 
Lindl.) from Michigan and named Xanthomonas pruni (Smith, 1903). The bacteria was later re-
classified as Xanthomonas campestris pv. pruni (Young et al., 1978), and is now classified as 
Xanthomonas arboricola pv. pruni (Vauterin et al., 1995). Xap is the known causal organism of 
bacterial spot disease on many different Prunus species such as peaches and nectarines (P. 
persica), almonds [P. dulcis (Mill.) D.A. Webb], sweet and tart cherries (P. avium and P. 
cerasus L.), Japanese and European plums (P. salicina and P. domestica L.), and apricots (P. 
armeniaca L.). (Ritchie, 1995). Xanthomonas arboricola has a total of seven pathovars each with 
different hosts. These pathovars include X. arboricola pv. pruni which infects stone fruits, 
Xanthomonas arboricola pv. corylina which infects hazlenuts (Corylus avellane L.), X. 
arboricola pv. juglandis which infects Persian walnut (Juglans regia L.), X. arboricola pv. 
populi which infects poplars (Populus sp. L.), X. arboricola pv. poinsettiicola which infects 
poinsettias (Euphorbia pulcherrima K.), X. arboricola pv. celebensis which infects bananas 
(Musa paradisiaca L.), and X. arboricola pv. fragariae, which infects strawberries (Fragaria x 
ananassa D.). Xap is more closely related to X. arboricola pv. corylina and X. arboricola pv. 
juglandis compared to the other pathovars (Hajri et al., 2012).  
Bacterial spot can cause premature defoliation, low vigor, and loss of productivity. 
Symptoms of bacterial spot include small necrotic lesions on the leaves and fruit, along with 
elliptical cankers on branches that provide an overwintering site for inoculum (Aarrouf et al., 
2008; EPPO/CABI, 1997; OEPP/EPPO, 2006; Ritchie, 1995). Infection and disease development 
are reliant on a complex of environmental conditions including warm days and nights (20-35 ºC) 
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with high humidity and ample rainfall. This disease is prevalent in the eastern United States and 
other regions that share similar environmental conditions. The leaves and shoots can be infected 
during any period of the season in which optimal conditions occur, but infection of fruit is 
limited to between petal fall and pit hardening (EPPO/CABI, 1997; Ritchie, 1995, 1999; Zehr 
and Shepard, 1996). 
 Following the initiation of dormancy, the bacterial inoculum overwinters within 
the intercellular spaces of the cortex, xylem and phloem within cankers, and the leaf scars 
on twigs (EPPO/CABI, 1997; Ritchie, 1995). In the subsequent spring, temperatures begin 
to rise, and the inoculum becomes present once again. This inoculum is spread among 
trees by dripping dew and wind-blown rain. Bacteria enters new growth through open 
stomata or wounds and enters the vascular system. Developing or developed lesions exude 
bacterial spot inoculum when present, creating continuous sources of inoculum (Aarrouf 
et al., 2008; EPPO/CABI, 1997; OEPP/EPPO, 2006). Bacterial spot control is primarily 
reliant on the application of bactericides containing copper compounds and antibiotics. 
However, frequent applications may cause phytotoxicity and lead to the development of 
antibiotic and copper-resistant strains of bacteria (Cooksey, 1990).  
 Xap isolates have shown a low amount of genetic diversity compared to other X. 
arboricola pathovars, and the genetic diversity of strains does not appear to be spatially or 
geographically partitioned (Hajri et al., 2012). Boudon et al. (2005) analyzed the 
population structure of 64 Xap strains collected from cultivated stone fruit in Australia, 
Brazil, France, Italy, North America, and Uruguay. This study used the intergenic 
transcribed spacer (ITS) sequence of the rrn operon and the sequences of four 
housekeeping genes (atpD, dnaK, efp, and glnA) for molecular characterization. There was 
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no evidence of genetic diversity found among the Xap isolates with the ITS sequence or 
the four housekeeping genes. Fluorescent amplified fragment length polymorphism 
(FAFLP) analysis was performed on 64 strains of Xap utilizing two selective primers: 
MspI+TA and MspI+TG. The comparison of 64 different strains of Xap resulted in 
fourteen genotypes being identified. Differences in genotypes by location were identified, 
but in two instances isolates from different locations were found to belong to the same 
grouping. One grouping consisted of France, Italy, Brazil and the U.S., and the other 
group consisted of Italy and France. The host plant species from which the Xap strain was 
collected from did not influence the genotype. Diversity amongst the isolates from North 
America was found to be the highest, indicating that this region may be the center of 
origin for the bacterium. 
Barionovi and Scortichini (2008) looked at the diversity among 34 X. arboricola 
pv. juglandis strains and 47 Xap strains utilizing two different methods, polymerase chain 
reaction (PCR), and BOX-A1R-based repetitive extragenic palindromic-PCR (BOX)-
PCR. The PCR method utilized primers MGR17 and AJ60 and the BOX-PCR method 
used the BOX-A1R primer, all of which amplify the proximal integron gene cassette 
region of X. arboricola. Isolates were obtained from black walnut (Juglans nigra L.), 
apricot, almond, peach, and Japanese plum. The PCR method did not show any significant 
relationships among the species of plant from which the strain was isolated or the 
geographical region in which the strain was isolated. The BOX-PCR fingerprinting 
method did not show polymorphisms among locations between Xap strains. However, 
Xanthomonas arboricola pv. juglandis strains from Australia were distinguished from 
other strains around the world using BOX-PCR fingerprinting. 
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Hajri et al. (2012) analyzed the population structure of seven X. arboricola 
pathovars: Xap, X. arboricola pv. corylina, X. arboricola pv. juglandis, X. arboricola pv. 
populi, X. arboricola pv. poinsettiicola, X. arboricola pv. celebensis, and X. arboricola 
pv. fragariae. The type III effector (T3E) genes and the rpoD housekeeping gene were 
sequenced for a total of 78 isolates across pathovars, 20 of which were Xap, which were 
collected over 60 years from 10 different countries in Europe, North America, South 
America, and Oceania. Isolates were collected from seven different host species: peach, 
European plum, apricot, almond, Japanese bush cherry (Prunus japonica L.), Japanese 
plum, and sloe (Prunus sp.) No sequence differences for the T3E genes or the rpoD gene 
were identified among Xap isolates. Isolates belonging to fragariae, celebensis and 
poinsettiicola did not cluster and were quite different from the other isolates. However, 
isolates from X. arboricola pathovars pruni, corylina, and juglandis clustered based upon 
the pathovar affiliation, indicating low genetic diversity. Isolates from X. juglandis fell 
into three separate clusters. Genetic diversity of Xap isolates was not found to be spatially 
or geographically partitioned. 
Kawaguchi (2014) investigated the genetic structure of a Xap collection containing 
148 isolates, all of which were collected from leaves and fruit of different peach cultivars 
located around Japan. The genetic structure was analyzed by using repetitive sequence 
based (rep)-PCR, and inter-simple sequence repeat (ISSR)-PCR. A unique genomic 
fingerprint was created by combining the results from rep-PCR and ISSR-PCR. Four 
different groups were identified among the isolates, from which 98.0% belonged to a 
single clade. These four groupings shared a very high genetic similarity (>94.0%), 
indicating a low level of genetic diversity between isolates. 
 
72 
Giovanardi et al. (2017) sequenced the gyrB housekeeping gene in a collection of 
23 Xap isolates collected from peach and plum orchards in northern Italy and reference 
strains from the United Kingdom National Collection of Plant Pathogenic Bacteria 
(NCPPB). The Xap isolates were clearly differentiated from X. fragariae and other 
pathovars of X. arboricola including celebensis, corylina, and juglandis. However, all Xap 
isolates were closely related (sequence similarity index > 73.0%). Five subpopulations of 
Xap were identified based on unweighted pair group method with arithmetic mean 
(UPGMA) analysis, but there was no evidence that the year of isolation or species of host 
plant were associated with phylogenetic relationships within the Xap collection. Copper 
resistance was evaluated amongst all of the isolates included in the analysis, but resistance 
genes were not found. However, varying degrees of tolerance were observed. 
Many of the previous studies investigating Xap diversity have sequenced 
housekeeping genes, which are necessary for the survival of the organism. Thus, further 
studies focused on non-genic regions or other genetic regions that are non-essential for 
bacteria survival may provide further insight on genetic diversity of the pathovar. Boudon 
(2005) discovered that the greatest diversity for Xap seemed to be in the United States and 
suggested that the United States may be the center of origin for the pathogen. The majority 
of studies completed focused on isolates from Europe or Japan, so an in depth study of 
Xap diversity in the United States is warranted. The objective of this study was to 
determine the genetic diversity and virulence amongst a collection of Xap isolates from 12 
different states in the United States utilizing PCR with 18 SSR markers. 
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Materials and Methods 
Isolate collection. Fruits and leaves exhibiting a range of different bacterial spot disease 
symptoms were collected from F1 peach seedlings in the spring of 2013 at the University 
of Arkansas System Division of Agriculture Fruit Research Station (FRS) near 
Clarksville, AR to obtain Xap isolates. Leaves exhibiting bacterial spot symptoms were 
also collected from 11 other states throughout the eastern United States (Table 1).  
Isolate culture. A slightly adapted procedure from Civerolo et al. (1982) was used to 
isolate the Xap bacterium from fruit and leaf tissue collected in all 12 locations. Five 
single-lesion and five heavily diseased lesions were removed from the leaves and fruit. 
The single lesions were individually placed in 2 mL Eppendorf tubes with 1 mL of 
phosphate buffered saline (PBS) and vortexed for 3 s. Tissue was removed by a sterile set 
of forceps. Glycerol stocks were made with the bacterial solution. The final glycerol stock 
was comprised of 12.0% glycerol and stored at -80 °C (Civerolo et al., 1982; Randhawa 
and Civerolo, 1985). Isolates were named with the abbreviation of the state as the 
beginning two letters. This excludes Arkansas; these isolates did not have a location 
abbreviation. Isolates were either labeled with an ‘HD’ or ‘SL’, which indicated the isolate 
was either from a heavily diseased lesion or a single lesion. The isolates Xap-V and Xap-
NC-88 were from Arkansas and North Carolina respectively, and have been named from a 
previous study (Yang et al., 2013) 
 Bacterial glycerol stocks were cultured on lysogeny broth (LB) plates as described by 
Randhawa and Civerolo (1985). A sterile loop was dipped into the bacterial glycerol stock and 
struck across a LB petri dish. The petri dishes were then placed inside a dark incubator for 12-16 
h at 28 °C to allow the bacteria to colonize. After colonization, a single colony was chosen from 
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each of the colonized LB plates and spread onto a fresh LB plate to be incubated and grown out 
for single colony isolate polymerase chain reaction (PCR). An autoclaved 20 μL pipette tip was 
used to place a small amount of bacteria into 100 μL of autoclaved distilled water for PCR.  
Xap identification. Xap isolates were identified by amplifying DNA from the single-
colony isolates using the Y17Co primers [Y17CoF (GACGTGGTGATCAGCGAGTCA-
TTC) and Y17CoR (GACGTGGTGATGATGATCTGC)], which produce a 943-bp DNA 
fragment specific to Xap (Pagani, 2004). The Y17Co primers may amplify Xap strains that 
are endophytic (bacteria that lives within the host, but do not cause negative effects), but a 
more accurate alternative has not been identified (Pagani, 2004). PCR reactions were 
conducted in a final volume of 25 μL containing 10x Taq buffer, 15 μM forward primer, 
15μM reverse primer, dH20, 10 mM dNTPs, 1 μL bacterial DNA suspension, and Taq 
DNA polymerase. All PCR reactions were completed using a Mastercycler nexus X2 
Thermal Cycler (Eppendorf, Hamburg, Germany) under the following conditions: 3 min 
of initial denaturation at 95 ºC, 40 cycles of secondary denaturation at 92 ºC for 1 min, 1 
min annealing at 57 ºC, and 2 min extension at 72 ºC, followed by 5 min of final extension 
at 72 ºC and an indefinite stationary period of 4 ºC. PCR products were separated by gel 
electrophoresis on 1.5% agarose gels, and visualized under UV light. Isolates that had a 
Xap positive band were sequenced at the University of Arkansas for Medical Sciences 
(UAMS) Department of Microbiology and Immunology DNA Sequencing Laboratory for 
confirmation of the 943 bp product. Isolates that were confirmed positive were removed 
from 4 ºC, and bacterial cultures were made by removing a loop full of bacteria and 
placing it in 2 mL of LB broth in a culture tube. Culture tubes were placed in a MaxQ 
4000 Benchtop Orbital Shaker (Thermo Fisher Scientific, Waltham, MA) at 28 ºC, at 200 
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rpm for 16 to 18 h. Bacterial solutions were turned into 15.0% glycerol stocks and were 
stored at -80 ºC for future use. 
Bacterial DNA extraction. A DNA extraction protocol specific to Xanthomonas was used in 
order to ensure equal amounts of DNA from all isolates were used in SSR genotyping. Isolated 
bacteria were grown out in 3 mL of LB broth and incubated for 16 h at 28 oC while 
simultaneously being shaken at 200 rpm. After incubation, 1.5 mL of the bacterial broth was 
transferred to a 1.7 mL microcentrifuge tube and centrifuged at 14,000 rpm for 3 min. After 
centrifuging the supernatant was discarded. The remaining culture was added and centrifuged at 
14,000 rpm for 3 min before discarding the supernatant. The pellet was resuspended in 1 mL of 1 
M NaCl by gently flicking the tube. The mixture was centrifuged at 14,000 rpm for 2 min and 
the supernatant was discarded. The pellet was then manually resuspended in 567 μL of TE (10 
mM Tris HCl pH 8 + 1 mM EDTA pH 8.0), 3 μL of proteinease K (20 mg:mL) and 30 μL of 
10.0% SDS. The mixture was incubated in a water bath at 37.0 °C for 1 h. Following incubation, 
100 μL of 5 M NaCl and 80 μL of NaCl-CTAB (NaCl 0.7 M and CTAB 10%) were added. The 
new mixture was then incubated in a water bath at 65.0 °C for 10 min. Following incubation, 600 
μL of phenol was added and the mixture was manually mixed for 10 min. The mixture was then 
centrifuged at 14,000 rpm for 5 min. Approximately 500 μL of the supernatant was then 
transferred to a new microcentrifuge tube. An equal volume of chloroform:isoamyl alcohol 
(24:1) was added, then vortexed gently for 30 s. The mixture was then centrifuged at 14,000 rpm 
for 5 min, and the aqueous superior phase (approximately 300 μL) was transferred to a new 
microcentrifuge tube. A total of 180 μL of room temperature isopropanol was added to the 
mixture, then incubated for 16 h at -20 °C. The mixture was then centrifuged at 14,000 rpm for 
20 min and the supernatant was discarded. The pellet was washed using 1 mL of 70.0% ethanol, 
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centrifuged at 14,000 rpm for 15 min, and the supernatant was then discarded using a pipette. 
The pellet was air dried for 30 min at room temperature, and resuspended in 50 μL of water. The 
mixture was then treated with 2 μL 4 mg:mL RNase, and incubated for 2.5 h at 37 °C. DNA 
concentrations were checked using a Nanodrop 1000 spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA), recorded, and stored at -20 °C. 
SSR marker design and screening. SSR primers were developed using microsatellite repeat 
finder (insilico.ehu.es), with di- and tri- nucleotide repeats using the template sequence X. 
arboricola pv. pruni str. CFBP5530 plasmid pXap41. Forty SSR markers (Table 2) were tested 
for polymorphisms with a diverse subset of positive Xap isolates comprised of eight isolates 
from five United States locations. These PCR reactions were completed following the same 
conditions listed previously for the Y17Co primers, but with annealing temperatures that best fit 
the corresponding SSR primers (Table 2) and utilized extracted bacterial DNA (1 μL at 15ng:μL) 
instead of bacteria suspended in water. A total of 18 polymorphic SSR markers were selected for 
final analysis to determine the diversity among Xap isolates. PCR products were separated on 
3.5% agarose gels and visualized under UV light. Fragment lengths were recorded (Table 3) and 
manually scored with each fragment length scored separately for presence and absence (data not 
shown). 
Analyses of population structure. GenAlEx 6.5 (Peakall and Smouse, 2006, 2012) was used to 
perform pairwise comparisons between populations and an analysis of molecular variance 
(AMOVA) among the Xap isolates. Only isolates from locations that had two or more positive 
isolates (Arkansas, New Jersey, Texas and Virginia) were utilized in the AMOVA. Population 
structure was further evaluated by constructing a dendrogram using the R packages “Ape” [v5.0 
(Paradis et al., 2004) and “Poppr” [v2.8.2 (Kamvar et al., 2014, 2015)]. Prevosti’s distance (Nei, 
 
77 
1978) was calculated by using the R command “prevosti.dist”. A neighbor joining (NJ) tree and 
an unweighted pair group with arithmetic mean (UPGMA) tree were created for data 
visualization using the “aboot” command utilizing the NJ and UPGMA algorithms, and the 
results from the “prevosti.dist” command. The bootstrap analysis utilized 2000 permutations for 
support.  
Analysis of pathogenicity and virulence. A pathogenicity screen was performed using the 21 
confirmed Xap isolates using a modified detached-leaf assay protocol described by Randhawa 
and Civerolo (1985) during May 2019. Each positive Xap isolate was used to inoculate two 
resistant peach genotypes (‘Contender’ and A-772), and two susceptible peach genotypes 
(‘Spring Snow’ and ‘Sugar Giant’). Resistance and susceptibility of the cultivars and the 
advanced breeding selection, A-772, was determined over previous years of data collection and 
monitoring at FRS. Inoculum for this study was prepared by growing the 21 Xap positive isolates 
out on LB agar plates, and placing a loopful of fresh bacteria in a sterile 5 mL test tube filled 
with 2 mL of LB broth. The test tubes were placed in a MaxQ 4000 Benchtop Orbital Shaker 
(Thermo Fisher Scientific, Waltham, MA) at 28 °C for 12-16 h to allow bacterial colony growth. 
The concentrated inoculum was removed and diluted with phosphate buffered saline (PBS). 
Final inoculum concentrations were determined by using a Nanodrop 1000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA) and ranged from 0.190-0.209 optical density. 
Inoculum was stored for a maximum of 5 h at -4 ºC before use, and used within 5 h from the 
time of shaker removal to ensure viability.  
Multiple healthy shoots displaying no bacterial spot symptoms were harvested 
from each genotype on the day prior to inoculation. Eight young expanded leaves (third to 
sixth leaf from shoot tip) were removed from the shoots and used for the bioassay 
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(Randhawa and Civerolo, 1985). Leaves were surface sterilized in a 70.0% ethanol 
solution for 90 s. Next, the leaves were placed two successive autoclaved distilled water 
baths for 90 s and 60 s to remove any residual ethanol. Distilled water baths were changed 
when the water had a cloudy appearance. Leaves were then placed abaxial side up on two 
layers of autoclaved paper towels. A sterile 5 mL needleless hypodermic syringe with the 
respective inoculum was placed firmly upon the leaf surface. Leaf infiltration was 
performed by applying a small amount of pressure until a 2-4 mm water-soaked spot 
appeared on the leaf confirming inoculation. Excess inoculum that spilled at the time of 
infiltration was lightly blotted with autoclaved paper towels. Six leaves from each 
genotype were inoculated with bacterial infiltration and two leaves per genotype were 
inoculated with PBS as controls. Each leaf had six sites of infiltration, three per leaf half, 
approximately 1 cm apart. (Randhawa and Civerolo, 1985). After infiltration, the leaves 
were placed inoculated side up in petri dishes of agar medium. This entire procedure was 
performed underneath a sterilized laminar flow hood using autoclaved materials. Each 
petri dish contained two leaves. The leaves were placed at 25-27 ºC for 6 d to allow 
disease symptoms to develop. 
 After 6 d, the eight leaves were removed from the petri dishes and adhered to a 
blue piece of paper. The leaves were then scanned and images were evaluated using 
Assess 2.0: Image Analysis Software for Disease Quantification (L. Lamari. American 
Phytopathological Society, St Paul, MN). Leaf images were quantified to determine the 
percent of the leaf surface covered by lesions on each leaf, including the two PBS controls 
that were expected to exhibit no lesions. The diseased leaf scores for each genotype by 
isolate combination were recorded, averaged, and used for analysis. The control leaf 
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scores were not included in the analysis. Differences in virulence across isolates were 
assessed using PROC GLM in SAS 9.4 (SAS Institute, Cary, NC). Mean separation was 
calculated using Tukey’s Honestly Significant Difference. 
Results 
Molecular characterization. The ABC transporter ATP-binding protein gene was amplified for 
molecular characterization, utilizing the Y17Co primers which yielded a 943 bp product for Xap 
positive isolates (Pagani, 2004). A total of 479 bacterial isolates collected from 12 locations in 
the United States were screened using the Y17Co primers, and 21 of these isolates produced a 
943 bp band indicating the isolates were Xap positive. There were a total of eight positive 
isolates from Arkansas, one from Florida, one from Kentucky, two from New Jersey, one from 
North Carolina, six from Texas, and two from Virginia. Positive isolates were not detected from 
Alabama, Georgia, Michigan, Missouri, or Pennsylvania. All 21 isolates were sent to the UAMS 
Department of Microbiology and Immunology DNA Sequencing Laboratory to determine the 
percent of X. arboricola pv. pruni strain XAP HU1 ABC transporter ATP-binding protein 
identity for each isolate. The percent identity ranged from 97.76-99.78%, indicating that the 
isolates were all Xap positive. 
Analyses of population structure. The 18 polymorphic SSR primer combinations amplified a 
total of 51 polymorphic bands among the 21 Xap positive isolates (Table 3). The genetic 
fingerprints that were produced by the polymorphic loci were unique for each individual isolate, 
indicating that the isolates were all genetically different. These genetic fingerprints were utilized 
to create a NJ dendrogram and an UPGMA dendrogram. Three major clusters were formed in the 
NJ dendrogram. The first cluster (C1), which was the most diverse, included three isolates from 
Arkansas (0825-16L-SL, 0819-10F-HD, and Xap-V), six isolates from Texas (TX-SRN-L-HD, 
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TX-LP-L-SL, TX-56-L-SL, TX-R-L-SL, TX-TRP-L-SL, and TX-TXP-L-SL), one isolate from 
Virginia (VA-MPP-HD-11), one isolate from New Jersey (NJ1-SD-L-HD-1), one isolate from 
Kentucky (KY-4-L-HD-1), one isolate from North Carolina (Xap-NC-88), and one isolate from 
Florida (FL-GK-L-SL) as shown in Fig. 1. The second cluster (C2) was comprised of one isolate 
from Arkansas (0801-7L-HD) and one isolate from New Jersey (NJ1-SD-L-HD). The third 
cluster (C2) was comprised of four isolates from Arkansas (0801-14L-SL, 0819-9F-SL, 0825-
8L-SL, and 0826-12L-SL), and one isolate from Virginia (VA-MPP-L-SL). 
 The Xap isolates displayed a different cluster pattern in the UPGMA dendrogram (Fig. 
2). Two major clusters were generated, along with one outlier from Kentucky (KY-4-L-HD-1). 
The first cluster (C1) was comprised of isolates exclusively from C1 from the NJ tree, with 
isolates from Arkansas (0819-10F-HD and Xap-NC-88), Florida (FL-GK-L-SL), New Jersey 
(NJ1-SD-L-HD-1), and Texas (TX-TXP-L-SL). The second cluster (C2) of the UPGMA 
dendrogram was composed of samples assigned to C1, C2, and C3 of the NJ tree, with isolates 
from C1 and C2 grouped together. The grouping within the cluster consisted of isolates from 
Arkansas (0801-14L-SL, 0819-9F-SL, 0825-8L-SL, and 0826-12L-SL), New Jersey (NJ1-SD-L-
HD), and Virginia (VA-MPP-L-SL).  
    The AMOVA results indicated that there was greater variation within populations 
(89.0%), compared to among populations (11.0%). Populations were derived of isolates that 
were originally taken from the same United States location. A pairwise population matrix 
utilizing Nei’s genetic identity was also performed and showed that the isolates closest in genetic 
similarity were those from Virginia and Arkansas (91.9%), as well as Texas and Arkansas 
(91.7%) (Table 4). The least similar isolate populations were from New Jersey and Virginia, 
although these groups still shared 84.0% genetic identity. 
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Pathogenicity and virulence patterns. Leaves of 772, ‘Contender’, ‘Spring Snow’ and ‘Sugar 
Giant’ inoculated with Xap in the detached leaf assay began to exhibit symptoms of bacterial 
spot approximately 6 d post inoculation. All 21 Xap isolates produced water soaked lesions or 
necrotic lesions on the leaf tissue and were confirmed to be pathogenic. The severity of 
symptoms varied across Xap isolates. A total of 21 isolates were used in the virulence assay, but 
due to missing data, two isolates (VA-MPP-L-SL and TX-56-L-SL) were removed from the 
statistical analysis comparing percent total infected leaf area between peach genotypes and Xap 
isolates. The virulence of all 19 Xap isolates on four peach genotypes was found to be low, 
ranging from 3.67% to 9.48% average leaf infection for all peach genotypes (Table 5). The mean 
percent leaf infected area of all 19 Xap isolates was compared and VA-MPP-HD-11 was found 
to be significantly more virulent than TX-TRP-L-SL, TX-LP-L-SL, TX-TXP-L-SL, 0189-94-SL, 
NJ1-SD-L-HD-1, Xap-V, 0801-7L-HD, 0819-10F-HD, 0825-16L-SL, NJ1-SD-L-HD, and 0826-
12L-SL. The mean percent leaf infected area of VA-MPP-HD-11 was not significantly different 
than Xap-NC-88, TX-SRN-L-HD, KY-4-L-HD, FL-GK-L-SL, TX-R-L-SL, 0801-14L-SL, and 
0825-8L-SL. No significant differences were observed in mean infected leaf area of the four 
peach genotypes 772, ‘Contender’, ‘Spring Snow’ and ‘Sugar Giant’ (Table 6). The four peach 
genotypes all displayed a low level of percent leaf area infected (4.62%-6.02%). 
Discussion 
Xap genetic diversity. Xap is an important bacterium, which can cause devastating losses during 
outbreak years worldwide (Ritchie, 1995). Pathogenicity screens of Xap isolates have been 
performed, but the aggressiveness and virulence of Xap has not been well studied. A low number 
of Xap positive isolates was identified in the large collection, utilizing the Y17Co diagnostic 
PCR primers (Pagani 2004). This low percentage of positive isolates in the collection may have 
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been due to the lack of an initial bacterial DNA extraction. Due to the sensitive nature of PCR, it 
is possible that Xap strains produced PCR inhibiting compounds, decreasing the efficacy of the 
reaction and providing false results (Bielsa et al., 2011). A bacterial DNA extraction was 
performed on the Xap isolates prior to the SSR marker analysis to ensure accurate results. 
Genetic diversity among isolates was observed using 18 SSR markers amplifying the 
template sequence X. arboricola pv. pruni str. CFBP5530 plasmid pXap41. Previous studies 
have found low genetic diversity between Xap populations collected in different geographical 
regions and from different host species (Barionovi and Scortichini, 2008; Giovanardi et al., 2017; 
Hajri et al., 2012). These studies used markers within general housekeeping genes, which in 
relation to tissue-specific genes, evolve much more slowly. Due to the reduced evolutionary 
speed and strong selective constraints, a lower number of polymorphisms is expected to be 
observed within housekeeping genes (Zhang and Li, 2004). SSRs, located in non-coding regions, 
are also known as hypervariable regions (Mittal and Dubey, 2009). Due to the hypervariability, 
abundancy and even distribution of SSRs, they are considered an important class of polymorphic 
markers. The results of this study indicate that there is genetic diversity amongst Xap populations 
collected in different geographical regions.  
The results of this study are similar to the findings of Boudon et al., (2005), where the 
diversity of Xap isolates was compared using FAFLP markers. Multiple FAFLP groups were 
formed, one of which contained isolates from Australia, Brazil, France, Italy, and the United 
States. Three FAFLP groupings contained only two isolates, B, C, D, and E. Groupings B, C and 
E contained isolates from the United States, where Group D contained isolates from Italy. 
Another group contained two isolates from multiple locations, one from Italy and one from 
France. The remaining 12 groups consisted of one isolate each, indicating the ability to 
 
83 
distinguish between isolate genotypes. In the study completed herein, the high genetic identity of 
isolates between locations indicates isolates from different locations are similar, but none of the 
isolates were genetically identical and were able to be distinguished from one another (Table 4). 
The AMOVA showed that 89.0% of the genetic variation of isolates was distributed within 
locations and 11.0% was among locations. Interestingly, the variation within populations was 
found to be much higher than among populations. 
There was no evidence from this study indicating a relationship between genetic distance 
and geographic distance or location.  Some clustering of isolates from the same collection 
location was observed in both the NJ and UPGMA trees. However, C3 of the NJ tree contained 
an isolate from every location. Multiple isolates were included from Arkansas and Texas, but C3 
also contained single isolates from Kentucky, Florida, New Jersey, North Carolina, and Virginia. 
No consistent pattern was observed regarding clustering and geographic location. Inclement 
weather, migratory birds, insects, and plant material can act as carriers of the bacteria and can 
disperse different genotypes to many different areas, increasing genetic diversity (Lamichhane, 
2014). Due to frequent hurricanes and large storms that occur on the east coast, Xap is widely 
dispersed throughout many of the areas the isolates were collected from. These major weather 
events, coupled with a limited host range, could result in evenly dispersed Xap populations 
throughout the United States. In C2 of the NJ tree and C1 of the UPGMA tree, Arkansas and 
New Jersey are clustered together. In C3 of the NJ tree, multiple Arkansas isolates and one 
isolate from Virginia were clustered together, indicating a genetic relationship similar to the 
Arkansas and Virginia isolates from C1. The relationship between Arkansas and Virginia is also 
depicted in the UPGMA tree. These results suggest that a high genetic similarity exists between 
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isolates collected from Arkansas and Virginia. However, the diversity found among isolates does 
not display any patterns, nor is it geographically distributed. 
A high amount of genetic diversity was observed in this study compared to previous 
studies, where very little diversity was observed (Barinovi and Scortichini, 2008; Giovanardi et 
al., 2017; Hajri et al., 2012; Kawaguchi, 2014). A recent study that analyzed the genetic diversity 
of a Japanese set of Xap isolates utilized ISSR-PCR and Rep-PCR to develop genomic 
fingerprints for genetic grouping (Kawaguchi, 2014). A total of four groups were formed, all of 
which were genetically similar to each other (over 94.0%). These results indicate a lack of 
diversity amongst Xap isolates from Japan. Boudon et al. (2005) compared a group of isolates 
from seven countries and found that isolates originating from the United States had the most 
diversity. The United States isolates tested by Boudon et al. (2005) originated from Georgia, 
North Carolina, South Carolina, and Virginia. This study also contained isolates from North 
Carolina (Xap-NC-88) and Virginia (VA-MPP-HD-11 and VA-MPP-L-SL). The previously 
mentioned study identified diversity among some United States isolates, but differences were not 
observed among all isolates. However, in this study all isolates were genetically distinct from 
one another. A large contribution to the identified genetic diversity in this study is thought to be 
from the utilization of multiple SSR markers on a plasmid. The greater genetic diversity in this 
collection compared to other studies may also to be due to the high diversity of Xap populations 
in the United States compared to other parts of the world (Boudon et al., 2005).  
Xap pathogenicity and virulence. The pathogenicity and virulence of all Xap positive isolates 
was observed during the detached leaf assay. Each of the Xap isolates proved to be pathogenic 
on the two resistant and two susceptible peach genotypes, indicating the ability to cause disease. 
However, all of the positive Xap isolates showed a low level of virulence amongst the inoculated 
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peach genotypes. The peach genotype ‘Sugar Giant’ was expected to be the most susceptible due 
to visual observations in the field. Even though significant differences among peach genotype 
mean leaf area infection were not observed, ‘Sugar Giant’ displayed the most severe disease 
symptoms with a mean of 6.02% infected leaf area. The peach genotype 772 was expected to be 
the most resistant due to previous observations in the field and had the lowest recorded mean 
infected lead area 4.62%. These results showed that the detached leaf assay response can have a 
similar effect to natural inoculation in the field.  
Significant differences were observed between bacterial isolate mean leaf infection area, 
but only between VA-MPP-HD-11 and 11 of the remaining 18 isolates (Table 5). These results 
indicate that VA-MPP-HD-11 was the most virulent strain of Xap analyzed in the virulence 
assay. Relationships between the NJ and UPGMA tree clusters and the virulence of Xap isolates 
were not identified. Most isolates had similar virulence and despite having different genotypes.  
The results of this study indicate that there is not a current geographical pattern for Xap severity, 
and further studies need to be completed to assess the differences in Xap virulence. 
Conclusion. 
The results of this study indicate that there is a high amount of genetic diversity among the 
different Xap populations in the Eastern United States. However, a higher amount of genetic 
diversity is observed within populations than between populations. These results indicate higher 
levels of mutations within populations, or the significant dispersal of Xap due to transported 
plant material, migratory birds, insects, and inclement weather conditions. Significant differences 
in mean leaf area infection by Xap isolate were detected, but low levels of virulence were 
detected for all isolates. The low levels of observed virulence may indicate that this study might 
achieve better results if Xap bacteria was applied on attached leaf tissue, instead of detached 
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tissue (Yang et al., 2013). This study determined that genetic diversity exists among and between 
Xap populations, but further studies need to be conducted to assess the differences in virulence 
between and among Xap populations. 
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Appendix 
 
Table 1. The 12 United States locations where bacterial spot (Xap) infected samples were 
collected. 
Institution State City 
Number of 
Isolates Collected 
University of Arkansas Arkansas Clarksville 84z 
Missouri State University Missouri Springfield 13 
University of Kentucky Kentucky Lexington 49 
Virginia Tech University Virginia Winchester 49 
Michigan State University Michigan Benton Harbor 14 
Penn State University Pennsylvania Biglerville 50 
Rutgers University New Jersey New Brunswick 12 
Auburn University Alabama Auburn 89 
University of Florida Florida Gainesville 11 
USDA-ARS Byron, GA Georgia Byron 1 
North Carolina State University North Carolina Raleigh 61 
Texas A&M University Texas College Station 38 
zIsolates collected in Arkansas consisted of leaves and fruit and the remaining states only had 
leaf tissue collected. 
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Table 2. Details on the 40 SSR markers designed throughout the X. arboricola pv. pruni str. CFBP 5530 plasmid pXap41 genome. 
Name  SSR Motif Forward primer  Reverse primer  
Fragment 
size (bp)z 
Polymorphicy Tm 
Xap1  GC × 4  TATCCCCTATGGCGTGATGC GGAAACCGAGCTGCAAACGA 212 Yes 59ºC 
Xap2  CG × 3  GGCGGCAATATCATCTCCGT TCAGCCAGAAGAAAGCGTCC 217 Yes 58ºC 
Xap3  GGT × 3  GGATGCGGTTGTTTCGGGA GAATTCTTGCGGCGACAACG 262 Yes 59ºC 
Xap4  CAG × 3  TTCCTTGTTGGTTGGGCGT ATCACCGCTTTGAGTTGCCG 215 Yes 58ºC 
Xap5  AGC × 3  GTGCTGGCGATCGCTCTT ACATGGCTGGAAGACGCTG 213 No NA   
Xap6  GGT × 3  CAGCGAGTATTGGACTACCCC AACTACGCTCAAGCACGAGG 280 Yes 57ºC 
Xap7  TGC × 3  AAGGTGTGGCAAAGGTCGTG GGCGATTGTCTCTCCACGG 212 Yes 58ºC 
Xap8  AC × 3  GACCGTTTTGCCAATCGCAT GATCGATGCGCGTCTAAGGT 227 Yes 58ºC 
Xap9  AC × 3  GAGCGGATGCAGCACTTGTT GGGGCGAATTCTTTATCGCC 212 Yes 58ºC 
Xap10  CAG × 3  GGATAGAAGCGTCCTCGTCG GCTCAACCGGAGGAACATGA 322 Yes 58ºC 
Xap11  AC × 3  GGCCGTAGGAGCGTTTTTCA CTTGATGCCCTTGGAACGTC 356 No NA 
Xap12  AGC × 3  GTGACGCCAGTTTCAATCCAC CTACAGCATGGAACGCATCG 266 No NA 
Xap13  GA × 4  TGGTCATCTGGTCGTACTGC CAAGTAATGCGGGGCTGACT 270 No NA 
Xap14  CCG × 4  TACGGACGGCAAGCTACAAG GAAATTAACCCGCACGGTCG 370 No NA 
Xap15  CCGA × 3  CAAGGAAGTGCTGACCGACT GCGAAGTTCGGCATTCTCG 395 No NA 
Xap16  GCGT × 3  CGCGTACTTGTAAAGCGTGC CTGGTGTTCCATGTGTTCGC 228 No NA 
Xap17  GCC × 3  CGGAGTGGCGAACTCGAA  GCAAACCGACTTGGCAAAGCA  478 No NA 
Xap18  AC × 3  CACATCTCCCGGATCCACAT CTCCTACTTGAGAGTGCGGG 205 No NA 
Xap19  CG × 3  CAACTTCTCGAAGAGGGCGT GAACAGTGGCTGGCAGACTT 234 Yes 58ºC 
Xap20  CG × 3  GCCTTGTCGAGCGTTTCATC ATCGTCGATGTCCTGGTCG 236 No NA 
 
 
z This is the expected fragment size that is found in the CFPB 5530 Xanthomonas arboricola pv. pruni reference sequence. 
y Polymorphic markers were identified by testing on a diverse set of eight isolates from Arkansas, Florida, Kentucky, North Carolina, and Texas. 
x Abbreviation: Tm, Primer melting temperature, the temperature at which of half of the DNA duplex will dissociate to become single stranded and indicates the duplex stability. 
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Table 2 (Cont.) 
 
Name SSR Motif Forward primer Reverse primer 
Fragment 
size (bp)z 
Polymorphicy Tm 
Xap21 CGC x 3 TTCAACGAGCTGCGGGATAG CAGGGTGAGCCTACTTCGTG 343 No NA 
Xap22 GGC x 3 ATGTACAGGTCGCCGGATTT GCTGTTCAACTGCCTGGAAA 291 No NA 
Xap23 GTG x 3 GTGTCCGATCATACGGCTGG TCCGTGGGACTGCATTCAAG 285 Yes 59ºC 
Xap24 CGC x 3 TTTTCCTGACAGGCTGGCTT TTACACGAATCCCTGCCGAC 394 No NA 
Xap25 GGC x 3, GTG x 3 CCCGTTGGCGATGTGTTTAC TTTTCGAGGACACGGCTTCC 386 No NA 
Xap26 CTG x 3 ATAACGAGCGTCAGGGCAAG CCTGCGCGATTCCCTGAAAG 347 No NA 
Xap27 GCG x 3 CGATCAGGACGGCAATGTGA CAAGCCCTTGTCGCTGAACT 241 Yes 57ºC 
Xap28 CG x 3 TGAGGAAAGCTAATGCCGGG GTGTCAAGCTGACCGGTTCT 337 No NA 
Xap29 TG x 3, TC x 3 CCAACTATGAGGGTCGGCAG CATCTGACGCATCGAAACGC 387 Yes 58ºC 
Xap30 GC x 3 GCTCGCCTCATACTTCGTCA ACCTATACCGCGCAAAACCC 309 Yes 58ºC 
Xap31 GC x 3 TCGAATACGTGATGGGCCTC TGAACCACGGTAACCAGGTC 355 Yes 59ºC 
Xap32 GC x 3 TGTCGTATTCCAGGTGCGTC TCAGGAAACGCTTCCAGTCG 240 Yes 57ºC 
Xap33 GC x 3 CCAGTTTGCTCACCGGCT GACAACCTGGTCGATGCGAT 268 Yes 58ºC 
Xap34 CG x 3 GCTCAAGCCTTCGACAATGC CAAACGCTCCTGGGTGAAAC 366 No NA 
Xap35 GC x 3 TTGCGTTCTTGTGTAGGGGT TTGCGTTCTTGTGTAGGGGT 239 No NA 
Xap36 CT x 3 TTTCCACCGCGAAGATAGGC AGCGCCCTTTATCGCATCAG 350 No NA 
Xap37 GT x 3 CCTATCTGGCGAAGGTCGAG CCACGCACCCTAATCAGCAT 296 Yes 59ºC 
Xap38 GC x 3 AAGGCATACGCCACCTATCG TCGTCACCTCGTATTTGCCC 373 No NA 
Xap39 GA x 3, GC x 3 CGACCGTTTTCAGACTCCCA CTGGTGCGGTTGCTCCT 570 No NA 
Xap40 GC x 3 AAGTACCCCGACAGCCTCAA CTCGAACGTGCGGAAACG 744 No NA 
zThis is the expected fragment size that is found in the CFPB 5530 Xanthomonas arboricola pv. pruni reference sequence. 
y Polymorphic markers were identified by testing on a diverse set of eight isolates from Arkansas, Florida, Kentucky, North Carolina, and Texas. 
x Abbreviation: Tm, Primer melting temperature, the temperature at which of half of the DNA duplex will dissociate to become single stranded and indicates the duplex stability. 
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Table 3. Results from SSR analysis, using 18 di & tri- nucleotide repeats on 21 Xap isolates from seven states in the United States. 
Xap isolate  Location 
Xap-1 
(bp) 
Xap-2 
(bp) 
Xap-3 
(bp) 
Xap-4 
(bp) 
Xap-6 
(bp) 
Xap-7 
(bp) 
Xap-8 
(bp) 
Xap-9 
(bp) 
Xap-10 
(bp) 
Xap-19 
(bp) 
0801-14L-SL AR 212 217 0 215 280 200 227 200 299 234 
0801-7L-HD AR 212 217 225 215 280 200 227 200 299 234 
0819-10F-HD AR 212 200 262 0 0 0 200 0 0 0 
0819-9F-SL AR 212 217 0 215 280 200 227 200 299 234 
0825-16L-SL AR 212 217 0 215 295 200 227 200 299 0 
0825-8L-SL AR 212 217 0 215 280 200 227 200 299 234 
0826-12L-SL AR 212 217 0 215 280 200 227 200 299 234 
Xap-V AR 0 217 262 215 0 0 0 0 0 0 
FL-GK-L-SL FL 0 217 262 0 300 0 0 212 322 0 
KY-4-L-HD-1 KY 0 217 0 215 0 195 180 200 322 234 
Xap-NC-88 NC 0 190 0 200 300 195 175 200 322 234 
NJ1-SD-L-HD   NJ 0 217 0 215 300 200 227 200 0 234 
NJ1-SD-L-HD-1 NJ 0 200 200 215 0 212 227 200 0 0 
TX-56-L-SL TX 0 200 0 215 0 200 227 200 322 234 
TX-LP-L-SL TX 212 217 0 195 280 200 227 200 322 0 
TX-R-L-SL TX 0 217 0 215 280 200 180 200 0 234 
TX-SRN-L-HD TX 212 217 0 200 290 200 227 200 299 234 
TX-TRP-L-SL TX 0 200 225 215 300 200 227 212 0 0 
TX-TXP-L-SL TX 0 200 0 200 300 200 200 212 322 234 
VA-MPP-HD-11 VA 0 217 225 215 300 200 227 200 0 234 
VA-MPP-L-SL VA 212 217 0 215 280 200 227 200 299 234 
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Table 3 (Cont.) Results from SSR analysis, using 18 di & tri- nucleotide repeats on 21 Xap isolates from seven states in the United 
States. 
Xap isolate  
Xap-23 
(bp) 
Xap-27 
(bp) 
Xap-29 
(bp) 
Xap-30 
(bp) 
Xap-31 
(bp) 
Xap-32 
(bp) 
Xap-33 
(bp) 
Xap-37 
(bp) 
0801-14L-SL 255 0 380 280 315 240 80 275 
0801-7L-HD 255 0 387 300 355 240 0 275 
0819-10F-HD 295 0 0 0 355 240 0 296 
0819-9F-SL 255 0 380 290 355 240 0 275 
0825-16L-SL 255 0 387 290 315 240 0 275 
0825-8L-SL 255 0 0 280 350 240 0 275 
0826-12L-SL 255 0 380 309 355 240 0 275 
Xap-V 295 0 0 300 315 230 0 275 
FL-GK-L-SL 295 0 0 309 0 240 0 296 
KY-4-L-HD-1 285 241 360 280 285 200 0 275 
Xap-NC-88 255 0 380 300 275 0 0 275 
NJ1-SD-L-HD   255 241 0 300 355 240 0 275 
NJ1-SD-L-HD-1 295 0 0 300 0 240 0 296 
TX-56-L-SL 285 0 387 280 315 230 80 275 
TX-LP-L-SL 255 0 387 280 305 230 0 275 
TX-R-L-SL 285 0 387 300 305 240 0 275 
TX-SRN-L-HD 255 0 387 300 315 240 0 275 
TX-TRP-L-SL 295 0 0 300 315 240 0 275 
TX-TXP-L-SL 255 0 387 275 285 240 0 275 
VA-MPP-HD-11 255 0 0 300 315 230 0 275 
VA-MPP-L-SL 255 0 380 290 305 230 0 275 
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Table 4. Pairwise population matrix comparing Xap positive isolates from different geographical 
locations with Nei’s genetic identity, utilizing GenAlEx 6.5. 
  New Jersey Virginia Texas Arkansas 
New Jersey 1.000    
Virginia 0.840 1.000   
Texas 0.880 0.893 1.000  
Arkansas 0.888 0.919 0.917 1.000 
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Table 5. Mean percentage leaf infected area for 19 Xap isolates used to inoculate four peach 
genotypes using a detached leaf assay. 
Isolate N Mean 
VA-MPP-HD-11 4 9.48 az 
Xap-NC-88 4 7.60 ab 
TX-SRN-L-HD 4 7.50 ab 
KY-4-L-HD 4 6.73 ab 
FL-GK-L-SL 4 6.43 ab 
TX-R-L-SL 4 6.20 ab 
0801-14L-SL 4 5.90 ab 
0825-8L-SL 4 5.89 ab 
TX-TRP-L-SL  4 5.22 b 
TX-LP-L-SL  4 4.81 b 
TX-TXP-L-SL  4 4.71 b 
0819-9F-SL  4 4.43 b 
NJ1-SD-L-HD-1  4 4.39 b 
Xap-V  4 4.15 b 
0801-7L-HD  4 4.13 b 
0819-10F-HD  4 4.11 b 
0825-16L-SL  4 3.86 b 
NJ1-SD-L-HD  4 3.75 b 
0826-12L-SL  4 3.67 b 
zMean separation was calculated using Tukey’s least squares means. Means followed by the 
same letter within traits are not significantly different (P <0.001). 
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Table 6. Mean percentage leaf infected area for four peach genotypes inoculated with 19 Xap 
isolates in a detached leaf assay. 
Cultivar Percent leaf area infected 
772 4.62 a 
Contender 5.30 a 
Spring Snow 5.73 a 
Sugar Giant 6.02 a 
zMean separation was calculated using Tukey’s least squares means. Means followed by the 
same letter within traits are not significantly different (P <0.001).
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Fig. 1. Neighbor joining (NJ) tree based on Prevosti’s distance. The color red represents cluster one (C1), the color blue represents 
cluster two (C2) and the color green indicates cluster three (C3)
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Fig. 2. Unweighted pair group method with arithmetic mean (UPGMA) phylogenetic tree based on Prevosti’s distance. The different 
colors pictured correspond to the groupings in the NJ tree (Fig. 1). 
 
Cluster 1 (C1) 
Cluster 2 (C2) 
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Overall Conclusion 
The attempt to find resistance to Xap in peach has been attempted many times, 
however complete resistance has yet to be obtained. Due to the polygenic nature of Xap 
resistance, the sole use of conventional breeding is much too laborious, costly, and time 
consuming. GS should be considered to aid the conventional breeding process. Five 
haploblocks were selected for future marker development; Xap.Pp.AR-1.1 and Xap.Pp.AR-
1.2 both contributing to fruit resistance and the remaining three haploblocks, Xap.Pp.AR-
2.2, Xap.Pp.AR.7.1, and Xap.Pp.AR-7.2, contributing to leaf resistance. Due to Xap 
resistance being a highly quantitative trait, it is advised to incorporate all favorable 
haploblocks in one peach genotype to provide adequate resistance. Due to environmental 
variability and varying Xap populations in the field, phenotypic selection for all 
haploblocks will be an endless pursuit. The development of markers for the selected 
haploblocks associated with fruit and leaf resistance to be applied in a GS program would 
aid this endeavor immensely.  
The results of the second study indicate that there is a high amount of genetic 
diversity among the different Xap populations in the Eastern United States. However, a 
higher amount of genetic diversity is observed within populations than between 
populations. These results indicate higher levels of mutations within populations, or the 
significant dispersal of Xap due to transported plant material, migratory birds, insects, and 
inclement weather conditions. Significant differences in mean leaf area infection by Xap 
isolate were detected, but low levels of virulence were detected for all isolates. The low 
levels of observed virulence may indicate that this study might achieve better results if 
Xap bacteria was applied on attached leaf tissue, instead of detached tissue (Yang et al., 
2013). This study determined that genetic diversity exists among and between Xap 
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populations, but further studies need to be conducted to assess the differences in virulence 
between and among Xap populations. 
 
